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GENERAL METHOD AND THERMODYNAMIC TABLES FOR COMPUTATION OF EQUILIBRIUM
COMPOSITION AND TEl!lPERATT.EtE OF CHEMICAL REACTIONS 1

By ~EAEL h’. HUFF,SANFORD&IBDoN, and VIEmmAE. hfoEEEI&

SUMMARY

A rap-z”dlycancergent wccewice approximd”.on process is
described that sinwlaneously determines both..composdion and
temperature resulting from a chemical reaction. T7iis methud
is wita$le for we m“th Gny set of reactank orer th complete
range of mixture ratios a~ long as the product~ of reakt:ion.are
ideal gaees. An approximate treatment of limited amount8 of
~iquidsand ~olid~i8 also included. TM&methodis particularly
suited to probknw baring a large number of products of reaction
and to problem that require determination of such properties as
specijic heat or oel.w”tyof sound of a dissociating mixture.

Tiie-methodpre-wntedis applicable to a wide rariety of prob-
lem8that include (1) combwtion at constantpress-we or colume;
and (g) i.sentropicezpammbn.to an a88ignedprewure, tempera-
ture, or Mach nwnkr. Tab[e8 of thermodynamic functions
needed with this method are Cncludedfor 41?sub8tance8for corL-
wvience in numerical computati0n8.

INTRODUCTION

The theoretics.Iperforiuance of propulsion systems having
high combustion temperatures can be calculated on the as-
sumption that chemicaI equilibrium exists among the prod-
ucts of reaction. The equilibrium composition and the tem-
perature for a system “of‘N products of reaction are deter-
mined by the simultaneous soIution of at Ieast N+ 1 equa-
t.ions invoking dissociation, mass balance, aad energy or”
entropy balance. This calculation becomes increasingly
di%icult as N increases.

Numerous methods for soking these equations may be
found in the literature that provide a successive approxima-
tion or trial-and-error process for detmmining the composi-
tion at an assumed temperature and pressure. Examples of
these methods are found in references 1 to 4. When it is
desired to tid the temperature of a system in equilibrium,
with a parametm such as entropy or enthalpy assigned, the
composition is uswdly computed at a sequence of tempera-
tures that either converge to the correct temperature or are
spaced to permit interpolation to obtain the correct tem-
perature.

A rapidly convergent successive approximation process
that determines composition at an assigned temperature or
that simultaneously determines both composition and tem-
perature for assigned wdues of another parameter, such as
enthalpy or entropy, was developed at “the NTACA Lewis
Laboratory during 1948 and ia presented herein. This proc-

,

ess aJ.so permits co-reputation of the partial derivatives
required to compute such thermodynamic properties as
specific heat and velocity of sound cotiesponding to ckmni-
cal equilibrium. The equations are deri~ed that are re-
quired for solution of the following cases: (1) combustion at
constant pressure or volume; and (2) isentropic expansion
to an assigned pressure, temperature, or Wach number.
EmunpIes are- given for (1) constant-pressure adiabatic
combustion; (2) iaentropic qansiort to an assigned pres-
sure; and (3) isentropic expansion to an assigned Mach
number.

This method is particularly suitable for problems having
a large number of products of reaction and for problems that
require determination of partial derivatiws. Although it is
possible, at least in specia~cases, to devise a procedure that
involves less numerical computation, the method presented
is applicable in a wide variety of cases and its numerical
application to a given process is always simple and essen-
tially the same for FLUreactions.

TabIes of thermodynamic functions are needed for com-
puting equdibrium compositions and temperature of them- .
icd reactions. Tabks containing the functions specific heat
at constant pressure C:, sensibIe enthslpy H~—Hs, and
molar entzopy JS$exist for at least part of t-hedesired tem-
perature rsnge for most of the substances of interest-in the
analysis of aircmft-propukon systems. Several special
functions are required for convenient use with the method
described herein; tabks were therefore prepared, horn Jan-
uary to June 1949, that contain, in addition to C;, H~—I?j,
and S;, assigned values of enthalpy Wr and -dues of log K

and ~ (logarithm of equilibrium constant and enthalpy

change divided by gas constant times temperature., respec-
tive~y, for reaction of formation of a substance horn its
eknnemk in atomic gas state).

The data seIected from various sources or computed by
the N7ACAhave been smoothed, interpolated to every 100°,
and extended to 6000° K. A high degree of self-consistency
has been maintained in the temperature range horn 1000°
to 6000° K by computing from specific-heat data the values
of the other functions, and retaining, in generaI, more decimal
pkes than em significant. Interpolation formulas are
given that permit computation of self-consistent values for
sll the functions at any temperature betmeen 1000° and
6000° K..
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GENERALMETHOD

The thermodynamic state following a specific process,
such as combustion at constant pressure, can be determined
from an appropriate combination of the folio wing e@ations:
(a) dissociative equilibrium; (b) Conservation of mass;
(c) conservation of energy; (d) pressure; and (e) entropy.
Equations (a) and (b) are used to specify chemical equilib-
rium and, when used with any two of the remaining equations,
define a process.

The successive approximation procedure presented herein
for finding the simultaneous solution of a specific combination
of equations (a.) to (e) consists.of the following step&

(1) Estimates of composition and temperature are made
and used in simple equations to compute the values of error
parameters, which indicate inconsistency among the estimatea
of composition and temperature. (These estimates need
not be based on previous experience,but for rapid convergence
it is desirable that they be cIose to the iinal vaIues.)

(2) A set of linear simultaneous correction equations is
given tlmt determine anew composition and anew tempera-
ture.

(3) The new composition is used to compute new values of
the error parameters and step (2) is repeated until the desired
accuracy is obtained.

EQUATIONS FOR DISSOCIATION, MASS, PRESSURE, AND VOLUME

The substances entering a reaction process will be desig-
nated the reactants and can be represented by the equivalent
formula

Za,yb. . . .

where the subscripts aO,bO,. . , are proportional to the tot.sl
number of atoms of the elements Z, Y, . . . , respectively,
contained in a quantity of the entering substance at the
initial conditions. (A compleh list of symbcds is included
in appendix A.) For extirnjie} the reactants for a rocket
combustion process using 3 moles of ammonia (N118)for.fuel
and 2 moles of nitric acid @N08) for tin oxidant are

3NH~+2HNOa

An equivalent fornnda would be

II,,N,O,

where the atoms hydrogen, nitrogen, .Wd oxygen, may be
represented by Z, Y, and X, respectively, and 11, 5, and 6 by
ao, il., and CO,respectively. The weight of the equivakmt
formula M, can be computad in the usual way and would be
177.128, (If desirable, the quantity of substance in the
equiva.kmtfornnda may be chosen to correspond to a specified
vaIue of M,. For exampIe, if M, is to be one gram, the
preceding values would be divided by 177.128.)

The reacitionunder consideration can be written

A(z’oy’o “ “ “ )+~’(%~% “ “ “ )+ W-%Y% .0. ) +

. . . +?-L,(zatYbi...)
(1)

where ni is the number of moles of the it,hmolecule or atom.
The subscripts ai, b~, . . ., which can take on only positive

integral values or zero, denote the number of Z, Y, . . .
atoms in the ith molecule. For example, if Z, Y, and X
again represent hydrogen, nitrogen, and o~gem, respectively,
the values of at, b~,and c{ for a water molecule 1190 would IM
2, 0, and 1, re9pective1y. It is assumed that tho prociucts of
reaction are contained by a volume ITnumerically equal to
the gas constant 11times the absolute temperature T so tha~
for ideal gases

pi=ni

During ~g solution of the problem, it isnecessaryto determine
the number of formula weights of the reactants A that are
required to balance the reaction given by equation (1).
Products of reaction in the gas phase are assumed to bc
ideal gases that form ideal mixtures and each condensed
phase ig. ass~ed to have a partial pressure of zero, even
when finely divided and suspended in the gas. For solids
and liquids therefore

p(=o

As an approximation, the fo~owing assumptions are ako
made: Each condensed product is insoluble in all others; the
fugacity of each condensed phase is equal to 1 atmosphme;
the total volume occupied by the liquids and solids is negli-
gible with respect. to the volume occupied by the gases; and
the ]iquid and solid partic.leshave the same temperature and
flow velocity as the gases. .—

Dissociation equations.—For simplicity of riomenckitmw
and presentation the equations for dissociation can be
written in terms of the atomic gas as .-

afZ+bf17+ . . . +Ze< Y*I . . . (2)

The comesponding equation for the equilibrium constant Ki
of gaseous molecules is

K,= “b, (3)

Pza’PY . . .

For liquid or solid molecules, assuming the fugacity of each
condensed phase is equal to 1 atmosphere,

Ki= ~, lbi (4)

Pz-pr . . .

where pz, py, . . . are the partial pressuresof the Z, Y, . . .
atoms in equation (1), respectively, Tbc equilibrium cou-
stants can also be expressed in terms of the frcwmrgy
changes (~~)< across the dissociation reactions rcprcscnted
by equation (2) or

()~K,. =# , (5)

Because the trial composition may not correspond to that
at chemical equilibrium, variables & are conveniently de-
fined so that for gaseous mokcules (logarithms to the base 10
are used)

t?i=log pf—ai Iog pz–bi log p=— , , . –log K, (6)
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and for Iiquid or solid molecules

at= —at Iog pz—bi log py— . . . —log Kt (7)

-where& is defined by eqyation (5). The value of each &
must approach zero when the solution to the probIem is found.
Application of equation (6) or (7) to each product of reaction
will result in one equation for each molecule considered since
for atoms, G is identically zero.

Mass-balance equations.-A mass-balance equation stat-
ing the conservation of atomic type can be written for each
chemicaI element present.

2b=; b,n~ (8)

‘i

. ..=.. .

where a, b, . . . are the number of gram atoms of substance
Z,Y,... per equivalent. formula required to form the
products of reaction. A trial composition genmdly leads to
Wdues of a, it, . . . that differ from the desired dues. of
ao, bo, . . . but the difference will vanish when the correct
composition is found.

Total-pressure equation .—The total premure P is the sum
of the partial pressures

(9)

For a process with am assigned pressure, the -due of P
must approach the assigned value Pa as the schtion of the
problem is found.

Constant volume.—For processes that occur at constant
volume, the density of the mixture is constant. The density
p is defined as

AM, AM, “p.T=x (1 o)

For a reaction process with an assigned density, the value of p
must approach the assigned value p. as the sohtion of the
probhm is found.

COMSUST16N AT COXSTANT P-URE

For giwn initial conditions, the temperature and the com-
position foIlowing a combustion process are to be found.
When chemical energy is inchded in the enthalpy of each
substance, the enthalpy of the products of reaction following
an adiabatic combustion must be equaI to the enthaIpy of
the reactads at the initial conditions. An arbitrary base
may be adopted for assigning absolute values to the enthalpy
of various substances because only differences are measura-
ble. The base used to compute values of ent.halpy ~~ was
selected to produce positive values for all molecuIar types
entering a combustion process in order to avoid a possible
source of diflicult.y that might occur in the recmnmended

method of adjustment vrhm a Ioganthm of a negative
number (or zero) might be required.

Enthalpy of fuel and oxidant.-The enthalpy at initial
conditions of the amount of fuel and oxidant corresponding
to the equivalent formula 2=0 Y*. . . . is denoted by ho
and is givcm by the expression

h-o=?z,(H;)f+?lg(H;)= (1U

where n~and n=are the number of moIes of fuel and oxidant,
respectliveIy, corresponding to the equivalent formula Z#..,
. . . and (ZZ;)r and (E;)= are the rnohtr enthalpies of the
fuel and the oxidant, respectively, at the initial conditions.
The mohr enthalpy ~r is defined by the equation

JET=‘C:dT+E
o

where ~ is the moIar specific heat at constant pressure,
aud ~~ is the chemical energy of the substauce at a tern-
perature of 0° K. values of =. for seversl fuels and
oxidants are presented with the tabks of thermodynamic
functions.’

Enthalpy of products of reaction.-The enthalpy of the
products of reaction per equivalent formula can be con-
veniently represmted by & variable h that is given by the
equation

h=+? (m,)im (12)

When euth~~py is assigned, (for example, with adiabatic
combustion) the difference between h and the assigned value
Ii..mnst vanish when the correct values of ~,, A, and T’ are
found. If heat were lost (nonadiabatic combustion), the
vahe of h. viould be accordingly reduced.

Equations for constant-pressure combustion.-The equa-
tions defig the constut-pressure combustion are:

Type Eumberotequations
Dissociati~e equilibrium_. 1 for each moIec.uIartype.
Conservation of mass---- 1 for each chemicaI eIement. ___
Constmt pressure------- 1.
Conservation of energy___ 1.

These equations are to be solved simultaneously for the
variables ni, A, and T (pi=ni for gases).

Correction equations.-Since the preceding equations =e
not all linear, it is usually not feasibIe to find a direct solu-
tion. The Newtcn-Raphson method for solving nonlinear
simultmeous equations (reference 5) is well suited to this
type of computation. This method can be illustrated by a
simpb3example. H Ql and Q2ar~ functions of g and ~,

QI=.A(w)

Qz=A(w)-

By taking estimated values, for example g, and ~a,each func-
tion may be expanded in a TayIor’s series about the point
(g~,r~)~d when derivatives of higher order than the first
are neglected
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The desired changes AQI and AQZcan be computed; if the
partial derivatives can be numerically evaluated, mlving for
the approximate changes in q and r to effect simultaneously
the desired changes in both @l and Q2is comparatively simple
because the equations are linear.

If each of the functions &, a, b, . . ., P, and h given by
equations (6) to (9) and (12) is expanded in a Taylor’s series
about an estimated set of values of the variables and terms
involving derivatives of order higher than the fit are neg-
lected, the following set of simultaneous linear correction
equations results: -

For gaseous products

Zf—af x~–b,zy–. . .–qtx,= –a,

For solid or liquid products

—af x~–bgy–. . .–qizT=–8<
For all products

T
aflgxi-z4axA= &

~b,n,x.{-AbxA=&i

,.. —... =.. ;

T
Pizi” =C?p ‘-

F
h:z,–Ahx~+ ~&XT”=&

(13)

(14)

(15)

(16)

(17)

where the correction variables and the error parametem may
be defined in the logarithmic form

xt=A log ni=A log p{

m, Zy, , . .=z~ for atoms

XA=A ~OgA

XT=A log T

—6i=A&

. . . . . . . . ---

The scdution to. the set of simultaneous equations relates
the value of the # estimate to the (r+ l)ti estimate as
follows:

log (7z*),+l=log (nf),+zi

log (A),+l =log (A)r+z~

log (T)r+I=Iog (T)r+rr (18)

The expansion in the Taylor’s series has bum carried out
in the logarithmic form because this form has been found 10
resuh in rapid convergence over a wido range of conditions
and avoids the possibility of computing negative partial
pressmw- If the expansion is carried out in powm of

Ant
()

~, the same correction equations rcsulLxt=X or zi=niA —
. ..

as for the logaritlnnic variables except for the definitions of
the correction variables and error pmamdcrs. Quite sutis-

factory results have been obtained by taking x,=$ when

()1xi ispositive and xi=nfA – when xi is negative,
nf

MATRJXCONSTRUCTIONAND REDUCTION

A coefficient matrix is a scheme of detached coefficients of
a set of linear equations that are to be solved simultancoudy.
An augmented matrix is identicd to a coefficient matrix
except that the constants are included. Equations (13) tu
(17) constitute. such a set of equations for the simultaneous
determination of the variab~esz{, z4, and Xr.

Construction.—Becaum of the large number of zeros occur-
ring in the matrix, a considerable saving in effort can h
made by proper arrangement of the order of the rows and
the columns. The foIlowing arrangement provides a partly
symmetrical matrix that has been found to bo among th[’
easiest to evaluate as long as the products of reaction urc
principdy gaseous and the dissociation constants arc
express&din terms.of the atomic species:

The order of the cohunns should be-
(a) z{ of gaseous molecules
(b) Z{ of atoms
(c) Z{ of liquid and solid products
(d) X~
(e) x=
(f) Constant terms of equations

The order of the rows is—
(a) Dissociation equations in same order as gaseous

molecuIes in columns
(b) Was-balance equations in order of atoms in columns
(c) Dissociation equations for solid and liquid products

in same order as solid and liquid in columns
(d) Total-pressure equation
(e) Heat-balance equation in combustion calculation

The augmented matrix of equations (13) to (17) arranged
in this recommended order is shown in figure 1. ‘
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1h (17)
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FmrraB L-OeneraI matrix of cmeatfoneqnations far adiabatfe combustion atrdgned-.
mwaore. EwatfonW?), dkociatIon of &one mokmd~ eqnatkm(K), _ balance;
eqmtkm (14), diwdatlon 0[ sdkle or I@Ms; eqnatbm (16), premrcer- equetion (17), heat
imlanee.

Solution.-One of the best methods of solving simultaneous
linear equations is given by Ckout- (refermce 6). With this
method, an auxiliiry matrix is constructed from an original
augmented. matrix by a simple routine. This Wdiary
matrix is of the order equaI to the origimd matrix. The
solution for the set of eqpations can be obtained by a process
of back substitution in the auxiliary matrix.

For convenience, the order of the matris is reduced before
the Crout method is applied. A matrix arranged as recom-
mended can be part.itiined so that a unit matrix [~m] of
the order (m, m) appears in the upper Ieft cor.um, where m
is equaI to the number of types of gasmus molecule. The
orig.ind augmented matrix can then be written

l%%enthe Crout method ia applied to the orighd augmented
matrix, the Crout auxiliary matrix cm be expressed as

(20)

where [~m], [al], and [~ are identical to the corresponding
submatices of the original matrix. By observing the oper-
ations involved in the consbuction of t-ha Crout auxiliary
matrix, [~ is shown to be identical to the -atia.ry matrix
of the augmented matrix [%] defined by

[d=[ct+l-[d[d (21)

For computation, equation (21) is written

[1--—-.‘a’]=[a’~a31‘u: (22]

where [tl~ is a unit mattix of order eqnaI to the number of
cohmms of [al]. The numerical solution is tien obtained
by carrying out the matrix multiplication indicated in
equation (22) to find [as]. The Chout auxiliary matrix [aJ

21863?-33--54
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[’1(a) Snbmatrk %i% taken horn IoiFerporticmof figure 1.
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FIG= Z.—OeIWmIform of snbmatrkes d ecmectbn eqmtbms for .ediabdc mmbnstfon

at aasignedWssure.

is constructed from [ah]. The values of the -ramabIesz~~l,
.

. . . m~~sare found from [aJ by the process of back ~
substitution given by Crout. The -dues of the remaining
variables are found by the matrix equation

1
.Xm+l

.

.

.

XN+2

–1

(23)

For iUustration, the submatmrices[al], [aJ, and [as] were
taken from figure 1 and used to construct figure 2. The -
submati [m~a~]corresponds to equatio~ (~5), (14), (16),
and (17) and is shown in figure 2 (a). The transposed matrix

[ ‘1
~ is shown in figure 2 (b); that is, the columns haveof ~,

been tabulated & rows viith the fit column at the tap.

COMBUSTIONAT~O&%~M!!TVOLUME

The procedure given for finding the composition and the
temperature of a combustion process at constant pressure
can be appIied to combustion at constant volume with the
follo~ changes:
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(a) The correction equation for pressure is replaced by a
comection equation for density obtained from equdion (10)

z,4-xz.=log : (24)

(b) The correction equation for conservation of energy
must be written in terms of internal energy ~~ and thus
becomes

~(E~,n,w ~–Ae X4+T (~),n,zr=Ae log ~ (25)

where

c, is the assigned internal energy per equivalent forrmda at
initial given conditions, and C: is the molar specific heat at
constant volume. Substitution of these two equations in the
matrix of figures 1 and 2 (a) will permit the composition and
the temperature to be found for assigned vaIues of density
and interred energy. The application of this method to
constant-volume combustion, which, for example, is involved
in reciprocating engines and pulse-jet e@nes, has not been
made at the Lewis laboratory.

JSENTROPIC EXPANSION TO ASSIGNED PRESSURE OIt TEMPERATUBE

Assigned pressure.—The calculation of temperature and
equilibrium composition of the products of reaction following
isentropic expansion to a fixed pressure involves the simul-
taneous solution of dissociation, conservation-of-mass, pres-
sure, and entropy-balance equations. .

For the reaction of equation (l), the dissociation, conse~a-
tion of mass, and pressure equations (6) to (9) can again be
appIied. For the conditions following a.n isentropic expan-
sion, the entropy .sof the products of combustion per equiva-
lent”formula ~fter expa~ion must be eqmd to ;he
s. of the products of combustion per equivalent
before expansion.

{
%= + pni(m 1—Rpi hl pi] oomb.stlon

conditions

en-tropy
formula

(26)

where (L!5$){ is the absolute entropy of the product i at
standard conditions. This formula is applicable to ideal
solids and liquids, assuming pl= O,as long as their volume is
negligible. After the expan$ion takes pIace, the entropy per
equivalent formula is given by the expression

8=
{
-+ ~[n4%)rRPt h pi]}

(27)
exitwnditiene

Whereas equation (26) is, of course, evaluated at combustion-
chamber temperature and pressure,equation (27) is evaluated
for exit temperature and pressure. As the scdution of the
probIem is found by successive adjustment of estimated
quantities, the vfdue of s approaches SO.

In the adjm”tmait of the values of ~{, A, and T, the cor-
rection equations (13) to (16), which have been derived from
equations (6) to (9), can be applied. In addition, the fol-

lowing correction equation for entropy can be mitten from
equation (27):

~8~Xf–A3XA+C’XT=-& (28)

where

8,= As Iog :

s,’ = (&)int—RpJl +hlp~)

The row matrix of equation (28) shown in figure 3 may bc
substituted in place of the h rows of figures 1 and 2 (a) and
the computation carried out as in the comlmstiou calculation.

LIEt:oy

I
# (w

[
811 d .- ~ d 8/ .- -. 8H’ ‘.’t8 ~’ k

1

FIGURE3.—Row matrix to be substituted in piaee of h row I. flguro 1 and in fkure 2 (a)
for kntr.pic expensionto esskned presama Equntlon (23), entropy bdnnce.

Assigned temperature.—For the computation of data for
enthrdpy-entropy diagrams and for otlwr practical computa-
tions, it is often necessary to find the exit pressure and com-
position as a function of exit temperature. The proccdum
required is the same as that described for isentropic expan-
sion to an assigned pressure except that, in addition to
substituting the s row in place of the h row, the pressure
equation (p row) and the temperature ccdunm (z~) aro
dropped from the matrix of figure 1; accordingly, the p row
and z~ column are dropped from figure 2 (a) and the q row
from figyre 2 (b).

lSENTEOPICEXPANS1ONTO LOCAL VEM)CITYOFSOUND

The theoretical~veIocity of sound that inchuks the dlcct
of dissociation can be computed at any point in a nozzlo
with a modification of the matrix previously derived to
obtain the~correction quantities.

Velooity of sound,—The velocity of sound u can be defined
as —

()
u’= ~

bp *
(29)

where the subscript s denotes the condition of ‘constan~
entropy. The total d~erential of pressure dP can be found
from equation (9).

dP= dp,
T

(30)

and the total dif7erentiaIof density dp can be found from
equation (10).

(31)

Then

Therefore

aP
()

RT p~~~
FU2= — =21p , A.14,(D.-l) (32)
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where

“=(2:)s
D’=(R%),

This expression will permit evaluation of u’, provided the
values of the partial derivatives Df and D4 are found for
conditions of chemical equilibriti and for an isentropic
process. If the value of T’ is in degrees Kekin and pf m
atmospheres the due of 8.3144X107 for R will give u in
centimeters per second. The conditions of chemical equi-
librium and constant entropy are introduced by filing the
total differential of equations (6) to (8) and (27). The total
~erential of these equations expressed in logarithmic vtwi-
ables and divided by d Iog 2’ can be written, for gaseous
products,

for liquid and soIid products,

d log pz_b, @@_. . .–q,=#&T
‘a’ d log T d log T (34)

and for all products of reaction,

~afni *–As $&$..Aa ST
:

d log ni_Ab d log A= ~b @_!!!@
Vb’nf d log T d log T d Iog T

. .. —...= . . . (35)

,dlo ni_A8 d log ~“d log A ~,_A8_
=’ *T dlog T+ – dIog T (36)

t

If d Iog s istaken as O, s is a constant; if d log a,
d Iog b, . . ., and d& are taken as O,mass is constant, atomic

. types are conserved, and rate of change in composition
corresponds to constant values of & With these assump-
tions the partial derivatives Di and D4 may be substituted
for the totaL derivatives in equations (33) to (36). The
augmented matrix formed from these equations may be
partitioned in a manner similar to the combustion matrix.
The resulting submatfices are shown in figure 4 with the sign
reversed. When D’ and DA are determined by means of
the matiices shown in &ure 4, the velocity of sound csn be
calculated from equation (32). This equation can be apphed
to mixtures of liquid and solid products in equilibrium as
long as their volume ia negligible compared with the volume
of the gas mixture and provided the liquid and solid pmticIes
move in veIocitg- and tempeniture equilibrium with the gas.

Specific heat.—The molar specfic heat at constantpreseure
of a mixture in equilibrium maybe found from equation (12)
as follows:

(37)

-DI –D! ----- –Dz –Dr ------ ------ –Ds -D.

m .i
a am tmh ----- :0 0 0 0 Smw -Aa O

b bfit &n, __.. \ O 0 0 0 bti?wi –Ab o

------

.....-

N

s

1
a

b

------

------

N
—

——

q

------ -.---- .-. . :0 0 0 0

0 0 0 ; ----- . ----- ------ 0

0 0 O;a~b~ . . . ..- 0

,
81’ al’ ---— : ad # –..– o

;

(a) Snbmatrix [ui ~as] .

,
,

al E2 ----- :1 0 0 0

bt 4 --.-. ! o 1 0 0

. . ..- .-,.--- ----- :0 0 ------ 0
:

0 oo~o 0 0 ------

0 0 0:0 0 0 0
:

0 0 0:0 0 0 0
:

m m :0----- 0 0 0*
,

(b) Sbtri, [:e:J] tlWlspOWa.

--—-- ------ 0

0 0 -----

0 0 4W

d -.4 @

o 00

0 00

0 0 ..0

0 00

1 00

0 10

0 01

. .
—-

FIGrruz L—C&erEI form of sabma~:~:~tkms for prkrthl derivatlres at emstrmt ““- ‘“

where n=~nt. Equation (30) can be -writtenas

(38)

H d log P is taken as O, the pressure is constant.; therefore,
when equation (38] is substituted in the matrix of @ure 4
.
m pIace of equation (36), the wdues of

(*i).md

c?%).
can be found. These values can then be sub- _

s-titut~d~- equation (37) to evaluate c;.
Isentropio expansion to assigned Idach number.-Accord-

ing to the law of conservation of energy the sum of the
enthalpy and the kinetic energy of a certain quantity of gas
at-any point in a nozde is constant. If this su per equiv-
alent formuk at any point 1 is denoted by a parameter h*,
then

(39)

where o is the veIocity of flow of the gas, J is a dimensional
constant, and the subscript 1indicates that the variables are
evaluated at point 1 in the nozzle. The Weh number M
of the flow is

M-; (40)

Equations (32), (39), and (40) may be combined to give

~(==)f., ~WRT p,D,
h*= ~

+ 2A(D.–I) (41)

—
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where the value of R becomes 1.98718 (caI/(mole) (“K)).
As the solution of the problem is found by successive adjust-
ments of the estimated quantities, h* approaches ho.

If equation (41) is expanded in a manner similar to that
used to obtain equation (17) and if the differentialsof deriva-
tives me assumed to be negligible, the correction equation
becomes

~ h<”Xi–Ah*XA+~On XT=8h” (42)

where

hq”= hi’ +
M’RTp, D,
2(DA–1)

&*=Ah* log;

Equation (42), together with equations (13) to (15) and (28),
constitute the correction equations for the isentropic expan-
sion to an aesigned llach number. The coefficients of theee
equations form the submatrices shown in figure 5.

In order to carry out the numerical computations, values
of nit A, and T are estimated for the assigned conditions;
the values of 27{ and DA are obtained by means of the sub-
matrices of figure 4, and used to compute the numerics,l
vahme of the elements of the bottom row of figure 5(a).
The submatric-esof figure 5 are then used to-compute the
valuea of the corrections to ni, A, and T. This process can
be repeated until the assigned conditions are satisfied.

i

a

b

. . ...

. .. ...

N

s

h“

E

●

b

.. ... .

.- . ..-

N

~

a

a Z! .----1$x rr --- —. rM ?.A

:.
am aim :nz~. .. .. . 0 — (Z~N -Al

b,nl bm . . ..- ~ O sr O ---- bwm –Ab

-- . . . . ------ . . . . . : 0 0 — — ... . .. -----

o aa

o 6b

o -—
00

00

8/ 8s’

hl” ha”

o : ----- ------- .. 0

O:(IM bx . ..- O“.

‘ 8# 8?’ ---- . .... .. . . !

: hd’. ...- , hr” ---- . . . .
,

a, as

44

. .... ......

0 0

0 0

0 0

mm

& b

i
:1...-. 000
,

---- ~oxoo

.-—-. :00 --0

o;ooo —

o~oooo

0! 0000

... .. ~Q .000

:0000—..-

0 000

0 0 “00

o 0.00

0 000

1 000

0 1 00

0 010

0 001
—

(b) s.bmatrk[~!] trmspmed.

FIGURE6.-Chnerd form of snbmatricesof wrmctkn oquat’fensfor Isentropic=Panafon to
e=ld Maoh nmnber.

Throat area of supersonic nozzle.—The process of iscn-
tropic e.x-pansionto a locaI llach number of 1 is particularly
interesting in the determination of the throat urea of a
nozzIe having greater than critical pressure ratio. By as-
suming that the flow is isentropic and that chemiral equilib-
rium is maintained throughout the expansion proccest the
flow vekwity v at the throat must be equal to the velocity
of sound u at the throat. The values n{, A, 7’, and u ran
be found for a l!lach number of 1 by wc of tho proccduro
given.

‘ The throat area t can be calculated from the equation

(43)

where m is the mass flow per second. If T is in degrees
Kelvin and u is in centimeters per second, R equal tu 82.0567
(cm’) (atm) ~
(“K) (mole)

give t/m in (cmz) (see)/(gm). This equation
,..

can be applied to mixtures of liquid or solid phases in equi-
librium provided that the volume occupied by the liquid
and the solid phases is negligible compared with that of
the gas phase and that the particles of liquid and solid arc in
thermal and veIocity equilibrium with the gm phase. _

EXAMPLEOF COMBUSTIONOF DIBORANEWITH OXYGEN
BIFLUORIDE . -.

The calculation of equilibrium temperature and composi-
tion of the reaction of 1 mole of diborane (B*H@)with 5 moles
of oxygen bifluoride (OFJ is illustrated in this example for
processes of

(a) constankpressure adiabatic combustion ‘
(b) isentropic expansion to I atmosphere
(c) isentropic expansion to the locaI -reIociLyof sound

An equivalent formula of these reactants is

and aO=6, bO=2, cO=1O, and do=5.
The following gaseous products will be coneidercd as the

products of reaction: boron trifluoride BF$, boron trioxide
B20~, boron fluoride BF, boron hydride 13H, boron oxicle
BO, diatomic boron B~, hydrogen H~, watir vapor H@,
hydro~l radical OH, hydrogen fluoride HF, ovgen 0~, ”
fluorine F9,. atomic hydrogen H, atomic boron B, atomic _.
fluorine F, and atomic o~gen 0. hToliquids or solids are
included. If the products are numbered in the order given,
they can be identified in the terminology of equation (1) as
follows:

BFa=HoBlF800

and therefore

al=O, bl=l, cI=3, ~d dl=O
Similarly,

B,0,=H(J39FOOS
and

az=(), bi=2, c*=O, and dz=3
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AU values of a{, bt, c,, and d~for this problem, together with
tie thermodynamic properties used, are listed in table I.
Although these thermodynamic values and the enthalpies of
B,fi and of OF, have since been rewise~ and therefore do not
correspond to the vahes listed in the thermodynamic tables
presented in a later section, they are adequate for the purpose
of this example. The enthalpy vabs used are

(=W.16) I@idB2H@=sT0.1A9 Hoca.tories per mole

(H&.s)Mti 0F,=67.077 kikmdories per mole

The enthalpy of the amount of fuel and oxidant at initia.I
conditions corresponding to the equivalent formula is, from
equation (11),

ha=570.149+5(67.077 )=905.534 eqti~e:~~~:tia (44)

-The values of a.{,b,, c,, d,, and home constant for all parts of
this example.

COMBUSTION PROCESS

The adiabatic combustion process was assumed to oc&r at
a constant pressure of 20.4 atmospheres.

First estfmate.-l?rom previous computations or from sim-
ple calculations with equilibrium constants, estiiatling
reasonable values for the composition and the temperature is
usually possible. This procedure is recommmded inasmuch
as close estimates reduce the number of trials that must be
made. In order to show that an arbitrary composition
which is no t based on probable final dues of the composition

can be used, however, the first estimates for this exarnp~efor __
nt and A have been taken equal to 1 mole and a temperature
of 4000° K. The possibihty of divergence is disoussed in a
later section. M estimated quantities will be used wit%
three decimal places to distinguish them from numbers, that
are always integers.

Evaluation of submatrices.-The numerical values of the
eIements of the submatrices shown in @es 2(a) and .2(b}
can now be computed .qnd me shown in @me 6. The steps
are as folIovrs:

1. The values of at, 13r,C*and d~are entered in rows’ a, b,
c, and d of figure 6(b) and a 1 is entered on each square of
the diagonal of [i27~acomding to figure 2(b).

2. l~ahles of gt= AH
()

~ *from tables of thermodynamic

functions are entered ‘h II&Vq of @me 6(@. In this case
they are obtained from table I.

3. The vahms of the elements of the tirow of figure 6” (b)
may be computed from equation (6) for gaseous products

&=k)g pt—at IOg PH—& ~Og PB—C< 10g ~dilog po— IogKi

The values of log K, are obtained from tqbles of thermody-
namic properties, in this ease table 1. Because tdl molec&s
and atoms are estimated to be 1, their Iogtithms are O so
that in this case

&=-Iog Kf

.—

—...

..—-

.

4. The estimated vaIucs of ni me entered in row p of
figure 6 (a). In case liquids or solids are present their value
will be zero. -

[ I -----

o

I

3

0

0

-0s Inolecilk

‘BPa ‘%% ‘BF =BE =Bo ‘4 % -@ -OK l==l=+h+7T--l=++-l
o

LO@l

3.alo

o

LO@l

.m

:
0 0 LCCO O 0 21mo 2.~0 LOOO I.000 O 0 jLOOb O o 0 “=aooo o -o. W9

2003 LOOO L 000 LOOO 2W0 O 0 0 0 0 0 :0 LOOO O 0 –Kocm o -5.870
.-

0 LOMl O 0 0 0. 0 0 LOOO- 0 Zooo:o o Loos o +%(WJ o O.m

aooo o 0 LOOO O 0 LIXH3 1.000 0 Zcac o :0 0 0 LOOO -e.om e -Z2W

1.LN+I LOWI L(KH2 LOOO LMO LOOl LMH3 LW+I LOW 1.600 LOCO : LfJ13 l.~ LO@l LOOO O 0 L6S8

2M4 2629 3.6W 2527 6.7X) .Ws .m .765 .320 .H3 .%0 : L&Sl 3.L77 .&lo .i94 –!ri.246 6.41.6 -13.123

I

0 0 I o 0 2 2 1 1 0 0

2 1.1 1 2 0 0 0 0 0 0

0 I o 0 0 0 0 0 I o 2

8 0 0 1 0 0 I 1 0 2 0

0 0 0 0 0 0 0 0 0 0 0

-62075 -mtim –17.% –3.300 -13.lE3 –7.9S9 -Iaw -!ZL209 -I&m –19.674 –l!i313 -a7@5

–5. 6Ss -s. 109 –L W 26n –LW3 27@3 0.4M o.Wi 0.167 –1.s94 0.293 %ti

(b) Snhmtrix [=;] trfmm=t

1 0 0 0 0 0 0

0 1 0 0 0 0 0

0 0 I o 0 0 0

0 0 0 1 0 0 0

(k o 0 0 I o 0

0 0 0 0 0 I o

0 0 0 0 0 0 1

‘1
.

FICUEE6.—XWnericd example of szhmatrI- of mrrectio?iequnks far adisktfc mmbnstkm of d!bomne aud orggen Mtucdde *fk5teWme.t4 ofm, A, tmd T. ..__
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5. The values of the elements in rows a, b, c, and d t
figure 6 (a), except columns q z~, and constant, are obtaine
by multiplying the value of n*by the value of the correspond
ing element of the respective row in figure 6 (b). Fc
example, the entries in the first column are O)( 1.000=(
lX1.000=1.000, 3X1.000=3.000 and OX I.000=0.

6. Values of the elements of row h of figure 6 (a), excel
columns z4, m, and constant, are obtained by mnltiplyin
the value of% by the value of (H~)f from tables of therm
dynamic functions, in this case table I. For axample, tb
entry in the first column is 72,172X1.000=72,172. A
values in row h have been divided by 105.

7. The vtdues of the elements of column x.4figure 6 (a) aI
obtained by summing elements to the left in each row an
writing the ne@ive of the total in column x~ except for rw
p where the value is zero.

8. The value of the w column (fig. 6 (a)) is zero except fo
the h row where the value is T ~ ~)in,. The vaks c

(~)~ are obtained from tables of thermodynamic functicm
in this case table I.

9. Values of the constant cohmon for figure 6 (a) for a
rows except row p are found as follows: The value alread,
entered in the z~ column for row a is —Aa. with the esti
mated value of A= 1,000

Aa. 8.000 g &
a=x=m” “

8.= Aa log ~

6
=8.000 log -= –0.999

the valuw of &, 66,~d, and C$hare found in a similar mannel

.rE ZB ‘Ivl=’. lz’lcmt

[

12.mo 1.000 1.Wlo &ma -am -127.878 1.29.’

L alo 12mo 4.mo 7.003 -9. om –X3. 010 -Ii522
! .“”

l.om 4.mn 1~mo o -g arm -240.597 -glw

L 000 ?. alo o 17. (WI -9.000 –883. 4m -17.8$3

.3 mo 9.om &om 9.mo o –W4.Wl -3. w

&864 28.724 7.Ml 12414 -27.MO -464,767 –7. am .

(a) M8MXM obtied from mstrh muItipIJwtlon Pi:%l [71”

[

12.000 0.0W38 rim 0.2W0 -0.!3s67 -10.050 0.11E4“

1.020 la,917 0.3022. 0.52% -0.0451 -21.086 –L 273

1.Om 2.917 14.m -a lmo -0.32?s –la 004 -a mfa

a.000 h 7s0 -2 m 12304 -0.2745 -14727 -0. W7

am 8.323 4m7 a w l&210 –4.851 0.8731

a 854 27.W8 -L MO -4.044 -& 102 lnsn O.lw,

(b) Matrfx[ad (Croat’s8UX~V mekk Oft%]).

~ * ‘mkk~ o~
(c) Valw ofwrrwtions(Croat’sW matrix).

Ftarm 7. Numericslemmpleof theSOlutkmof wrredlon W#mtionsby rnntrIxmethod

10. The constant column of row p is found as folloi~~:
The sti of the elements of row p is the pressure ~= 16.000;
& is computed from the formula

ap=P log;

&=16.000 10g-==1.688

[1The mmtrix multiplication [a~~] ‘U: will result in tho.......

matrix [a6]shown in figure 7 (a). The steps of this multimpl-
ication are shown in standard textbooks such as reference 7,
Clrout’s auxiliary matrix corresponding to [as] may then be
constructed and is shown in figure 7 (b) and the wducs of
~H,@, @, ~o, z~, and XTare shown in figure 7 (c). The values
of the remaining functions are computed with the aid of
equation (23). The solution is found to bo

●

xm,=O.7056
~qo*=—1.loo

zw=l.116
XDH=l.665
XBO=().6135
xE~=-2.139
XHZ=0.03982

xH20=–0.7999
xA=0.1~32

XOE=O.4907
z-= 1.377
XCS2=OS737
XFZ=—2.037
XK= 1.299
xE=0,9290
~F= 1.222
X*=1.459
xT=0.1544

These values are to be applied to the initial estimates for n~,
A, and f!’ according to the equation

o% %)=.=0% d&&tc+~i (45)

For example, the second estimate of n.,, would he

(lOg~BF~_~ ‘log 1.000+0.7056 _
mbta

The second estimates .of nt, A, and Tare tlwn used to SCLup
new submatrices according to the procedure described. TIM
process is repeated until the desired accuracy has been
obtained, For this example, six approximations wcro re-
quired to-give tho foJlowing final .vahms of ni, A, and T:

nBF~=2. 6593 710E=0. 6785
–0. 1235

n~03 — nHF=7. 1456

@~ =0. 1936 noa=0. 9210
— nBH‘O. 0001 nFz‘(). 0003

nBo =0. 1669 n= -1.7694
nBz =0 nJ4‘(). 0577
nEz =0. 1271 @ ‘~. 3043
ti,o =0. 0627 no =5. 1903
A =1.6622 T =4775. ?“ K
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Discussion of convergence.—k order to demonstrate the

conTergmce of the process with huge errors m the fit

estimate, the example of the combustion of diborme and
fluorine oxide was solved by using 1 mole of each product, a
value of 1 for A, and a temperature of 4000° K for the fit
estimate. Because tlmie fit estimates were made without
regard for the probabIe final values, large errom were presenti
“mthe second approximation and six approximations were
required to eliminate the error. The convergence is shown
in terms of the parameters a, b, c, d, P, h, and ein the follo-iv-
ing table where ● is defined as

● ✝ 7[log k,+ IogI :I+l”gti+loga+log$l+

I RESTiLTS OY APPROXIXATIOA-S

‘rriaI number
P~ll- Firstes-

{

Dvks&d

1
“ejll, ”2!S 141516

lT-
~ &%4J t 7.005 & 2s6 am &o)2 ~~ 6.OCO

: Il. 605
c
d

:,~w !&Os2 I*R 1%! L&w6 m Ooa It E
11.954 Z&m h240 L022 lLcW &cm

:.
524W , 21.416~ XL4MI 21Wl m. m

Z7&l& l&’J 20%% ZW9.9m mm ,91266EnW&E%4W&w
● !. 4.oa2 ‘ 2W5~ :ml .Oul .m o

, ,

This method has been used in routine computation for
several years without encountering a divergent case in a
practical problem. At least for special cases when tempera-
ture is assigned, the procew wilI converge for all -dues
of the first estimates. Divergence is known to occur for
certain cases where temperature is used as a wu-iable when
the first estimate of temperature and composition is sufE-
ciently in error. AIthough no mathematical analysis has
been made to determine the t.horeticaI Iimits of conver-
gence, the process appears to be satisfactory for practical
computation.

Special treatment would be required if di~ergence is
encountered. Obtaining convergence should be possible by
a sticiently close new estimate of composition and tempm~.
ature. This procedure is recommended when it is feasible
but other procedures carL be devised, depending on the
individual case.

LSEYTROPIC EXPATSSION TO PI.XED PEK3SURE

The temperature and the composition of the products
of reaction following an iaenfropic+aneion ratio of 20.4
at chemical equilibrium were dso computed for the products
of reaction of this example. The value of sOis found horn
equation (26) by using the flmd values of each constituent
of the adiabatic combustion and the absolute entiopy values
corresponding to the tlnal combustion tempwature. The
calculated value of a. was 763.476 calories per ‘K per mole.

First estimates,-The number of approximations necessary

for & complete calculation can be considerably reduced
if the initial estimate is based on previous experience. The
fird values of ni and A determined for the combustion
process of this example can therefore be the basis for this
first estimate.

Because the expansion ratio is 20.4, the four hugest
components can be estimated to be 1/20.4 of their combus-
tion due.

7tm3=o.1304
nm=0.3503
%=0.0867
~=0.2544
~=0.0815

For convenience of presentation, the temperature was
estimated to be 4000° K so that the values of table I could
be used again. The remaining products can be estimated
from the dissociation equations by setting log kz=O. For
example, pr wouId be determined with the essmmedvalues
of ~ and ~ from equation (6) and table I (pt=ni)

O=~og 0.3503–log 0.0867–log p~–1.8944
log S= –0.45556+1.06198–1.8944

= —1.28798
p.=o.0515

SimiIarly, p= can be estimated with the assumed va.hes
Ofpma and pr

O=~og 0:1304–log ~–3 log 0.0515–5.6953
log pB= –0.88472+3.86394–5.6953

p==0.0019
If this procedure is followed for all the remaining constituents,
the following Iist of first estimates can be made:

nB~8=0.13(kt ?boE=0.0150
n,20,=0.0078 nm=0.3503

n~=0.0043 n02=0.0269
nm= O nEz=O
nBO=0.0053 nE=0.0867
nB3=0 nB=&Ot)19
n3=0.0029 n==0.0515

nEzo=0.0009 no=0.2544
A= O.0815 T=40000 K

Construction of submatrices.-The construction of the

submatices may now be carried out and is shown in figure S.

The steps are the same as for the combustion example except

for steps 6 to 9, vihich are different because the enthalpy equa-

tion has been replaced with the entrcipy equation.

The values of tha elements of rows of f@re 8(a) are ob-

tained from the expression

.si’=nj [(~~) t—1.98718—4.57565 log p~

The vs.@ of (~.~). we obtained froLu tables of thermo-
dynamic data, in this case table I. For example, the eniry in
the fit column is computed to be

(.s=3)’=0.1304 (105.951–1.98718–4.57565 log 0.1304)
=14.0848

. . . .

.
. ..-.
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7. The values of the entries in the x. column of figure 8(a)
are obtained in the same manner as for figure 6(a) except for
the s row whcr.e the sum of the elements of the p row times
1,98718 is added M the sum of the eIemerat.sof the s row and
entered in cohunn z~.

8. The value of the entries in the Z* column is zero except
forthes MW whereitis ~n,(~),. Tbe values of (c)t me

obtained from tables of thermodynamic data, in this case
table I.

9, The value of & is found in a manner similar to fi=.

ISENTllOPIC”EXPANSIONTOMACH NUMBER OF 1

The temperature and the composition of the products of
reaction folIowing an isentropic expansion to the local velocity
of sound was computed for the products of reaction considered
in this example, assuming chemical equilibrium. The value
of SOis the same as that found for the ieentropic expansion to
1 atmosphere.

First estimate,-For. simplicity, the same first estimates of
1 mole, 1, and 4000° K, for ni, A, and T, respectively, were
again made,

Construction of submatrices,-The subrnatrices corre-
sponding to figm’e 5 may be constructed and are shown in
@e 9,

The submatrices -corresponding to fi~e .4 are first con-
structed. The steps are the same as for figure 8 except that
low p and the constant column are omitted. The matrix

multiplication may then be carried out and the values of tho
partiaI derivatives D~”and DA computed in a manner simiim
to the computation in the combustion example. Them values
of D1 tid DA together with (H;){ are used to calculate the
elements of row h* of figure 9(a) except ccdumns~A,z~, and
constant. For exa.mple, when the values of 17BF8= 12.990
and DA= 19.039 are used, the value of

h42RTp@BF,
(hBF~’’=(hB#+ 2(D4–1) becomes 75,034=72,172+

lxl.98718X4000x l.000x12.990
2(19.039–1)

(cd)

AU values in row h“ have been divided by 10’.
The value of the element in row h*, column x~ is the sum of

the elements to the left. The element in row h*, cohlmn zr
is @W.11by

and the value of the constant column is obtained as in the
previous. examples. Matrix multiplication that was carried
out for the determinantion of D{ and DA values may now bo
extended by an additional row and column and the valuo
of xi, ~dl and Zr fouud as in the previous cxampks. ‘Ilese
vaIues may then be used to obtain the second estimates for
n{, A, and T and the computation repeated until the desired
accuracy has been obtained.

I
OaaeOusmoleonk

.

ZBFS ZB*@ ZBF Smr rBO ZB, =i $=eo Zorf SEE *Q. XF, Im.ITV’*
o 0 0 0

0.IW4 0,0156 0.0043 0

0.2912 0 O.w o

0 0.0234 0 0

0.13W 0,0073 O.w o

14,W3 0.9704 O.w o

.

0 0 0 1

1 2 1 1

8 0 1 0

0 8 0 0

0 0 0 0

0 0

O.oom o

0 0

O.ooti-.o

(Loom o
Ct41a7 o

0 0

1 2

0 0

1 0

0 0

0.KM 0.0018 0.0160 0.85@2 O 0 :aos670 o 0 -0.45WJ o 0.01233
,

0 0 0 0 0“0 :0 0.ool~ o 0 -1.1676 0 & 0023a

o 0 0 0.3KM o 0 lo 0 0.0515 0 -o. 7P73 o 0.m

o o.oxra aolao o moWl o ~11 o 0 0.%44 -a3a2s o o.02m3
J

o.oo2a O.orxm O.olao 0.36W 0.0% o flltB37 O.lxlle 0.0516 0.W4 o 0 0.02S06

0.1751 0.0764 1.0.5S2%4218 2.O&3 O ~3.7435 0.1140 2.8305 13.2827 -62.4405 & 4G4 0.02447

I

‘a)sdmatti[a’l-’l

2 2 I 1 0 “0,

o 0 0 0 0 0

0 0 0 1 0 2

0 1 1 0 2- 0

0 0 0 0 o“ o

-62.076-30.593 –17. 233 -s. 300 -1& Ma -7. $s9-la 6%0–39.‘4m-n. m2 -19.674–16.Ti8 -8. 7oa

o 0 0 0.0 0 0 0 0 0 0 0

(b) Submati [~:] tremposed.

1 0 0 0 0 0 0

0 1 0 0 0 0 0

0 0 1 0 0 0 0

0 0 0 1 0 0 0

0 0 0 0 1 0 0

0 0 0 0 0 1 0

0 0 0 0.0 0 1

Fmrrm &—NnmerfeefexampIeof eubmatrhs of raracticm eqnatforrsfor hntroph mpfmdon to 1 atmcaphe~ for the reactkm c4 dibomne with oxygen Wiuoride after tit 6Wmate of
m, A, and T.
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I oBse0u9nlokculw 1 Atom
I - ‘=

Fj--ia’

b

c

d
—

s
—

h“

ml-j
I

rn~o, I ZBF I ZBK
I

rBo I ZB*I % -“i ZOE ~ ZEF Z%
l+TTF-lr.l~:lm,

o 0 0 LOOO O 0 Lml 2W0 L 000 LOOO O 0 :LKIOO o 0 -&m o -0.902
i

1.W3 2m Lolxl I.(X?4 LWO Zow o 0 0 0 0 0 :0 l.ocil o 0 –am o –Km

3.OIN o l.olxl o 0 0 0 0 0 L@M O 2fk)o! o 0 LfiOOO-&KIOO., 0.7SS

o 2.0111 0 0 L@30 O 0 LOW Lalo o 2000 0 :0 0 0 LMtO –km O + m
:-

lmw 114.n3 iL 917 6%42S 67.S32 S&6%3.4UO07 iO.471 62.(KI2 W.03i t&iE6 6S_S2S~ 3&S19 4i. M2 49.562 49.W2-10ZZ4 16LIS2 –IE3. Z34

0.760 235-I 2si2 3.023 2W &7TS LIE5 KS% o.Sla (L347 o.42i LOZ6 : LcS6 3.215 O.soa 0.S39–2acBS –7.113 –Elm
,
!

o 0 0 I o 0 2 2 I I o 0

1 2 1 I 1 2 0 0 0 0 0 0

3 0 1 0 0 0 0 0 0 I o 2

0 3 0 0 I o 0 1 1 0“2 o

0 0 0 0 0 0 0 0 0 0 0 0

-s207s –m. W3 –17.2s9 –&w –I&la –7. = –l%m –23.209 -13.603 –l!1074 –lli-313 -s.705

–S. w –S.lo’a -1. s34 2611 –Lma 27s3 0.406 0.a- 0.167 -1.s94 0.=0 3.13i

:

1 0 0 0 0 0 0

0 I o 0 0 0 0

0 0 1 0 0 0 0

0 0 0 1 0 0 0

0 0 0 0 1 0 0

0 0 0 0 0 L o
0 0 0 0 0 0 1

.—

FKWSE9.–xmnsr1cafe-pb? ofmbmatr!ceaof mrrmtfonwtins for WOpfo ~n to lo@ tiodtrof Soud for readfm of dfborme and OXTIEIIbfSnozHe alter H wtfmats of
W. -4 and T.

—

TABLESOF THBRMODYNLMICPROPERTIES

Tables of thermodynamic data, compIeted June 1949, are
presented for the following substances:

A ~; ~]r B CIFH e– Li FTo
B, :0 C12 FZ Ht F- LiF3T*oi

~:oiq) BF co, CIF
BF~

& Li+ H NO OH

AIzo, (g) :5 H,O
A1203(S)
AM%(@ ;:~h$;

BiC)a(liq)

These tabIes are taken from ~ACA TIV 2161 except that
the values for BF have been retied. Xlany of the data in
the tabIes are based upon estimated vibrational frequencies
or insufficient spectroscopic or thermocheniical data to pro-
vide accurate data at high temperatures. hlewrtheleee, the
data are considered sufficiently accurate for mgineering eval-
uations of performance of aircraft propuhion systems unt:il
better data become available.

PEEPAEATIOX OF TABLES

The values of enthalpy and entropy below 1000° K and
the values of specific heat at all temperatures were based
upon data taken horn the literature or cakulated by ATAC?A
from spectroscopic dala or estimated fundamental fr-
equencies. The calculations were made by use of the accurate
summation method described in reference 8 or by the use of
the tables prepared by F. J. Krieger of Do@as Aircraft
Company, Inc. based upon a harmonic oscillator. The

values of enthaIpy and ehtropy above 1000° K were computed

from the apeeiEc-heat data and these VELIUSS vrere then used

to compute the values of the remaining functions.

The thermodynamic functions computed by NACA are
based upon the fundamental constants fkom reference 9 and.
are gi~en in terms of the thermochemical caIorie defined as
4.18400 absolute joules (reference 10].

Speciilc heat.—The spec.ibheat data were interpolated
and extrapolated when necessary to obtain values of (?: at
298.16° K and evwy 100° from 300° to 6000° K In many
cases these ~ data were smoothed by the following method:
Va.Iues of the fit ditTerences of C$ for 100° K intervals
K’; were plotted agriinst temperature and a eznooth curv-e
drawn. hTew values of ~= were then computed horn the
values of 3C~ read from the curve. k some cases the new
C; values were tabulated to more decimal places than the
original data. Care was taken to-see that the new ~ values -
were within about 1 or !2units in the last tabuIated pkwe of
the reference data in aII but a few cases in which the refer-
ence data were irregular.

In order to minimize the l~bor required to integrate ~=
to obtain the other functions, a linear variation of c was
assumed by use of the equation

/
~=c,+c,T .

where c1 and % are constants evaluated
perature interval above 1000° K.

.

-(46)

for each 100° tern- ~...
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‘i’he maximum difference between a smooth function repre-
senting ~ and the seriee of 50 straightAine s@ments repre-
sented by equation (46) is usually less than 0.005 percent at
any temperature. In a few cases near 1000° K the error
approaches 0.05 percent.

EnthaIpyand entropy,—The data for enthaIpy and entropy
below 1000° K were taken from the literature or computed
at the Lewis laborato~ and when necessary interpolated to
give the values at 298.16° K and eveqy 100°” from 300” “to
1000” K.

—.

The vahma above 1000° K were obtained by integration of
equation (46) for (?: using the constants for each 100° K
temperature interval.

The value of the change of eptldpy @ for a temperature
change 6T= T— Tl is given by

where ~ is given by

(47)

(48)

and (G$)1is the value of ~ corresponding to the temperature
T,. The corresponding change in entropy @ is given by

8s;=s~~dT=cl 8 lnT+cz~T (49)

where 6In T is given by

61nT=h T–hITl (50)

Values of enthalpy and entropy for each 100° above
1000° K were obtained by accumulatively adding to the
values at 1000° K the changes of enthalpy and entropy
computed for each 100° interval by means of equations (47)
and (49),

The values of entkalpy and entropy were computed to more
decimal places than are tabulated and then rounded. Equa-
tions (47) and (49) may therefore occasionally yield values
that differ by one unit in the last tabulated place of enthalpy
and entropy because of rounding, Inconsistencies from this
source are unavoidable and are not considered in the following
discussion.

The representation of 0; from 1000° k 6000° K by means
of 60 straight-hne segments permitted computation of self-
consistent values of enthalpy and entropy but lead to valuw
slightly di.tlerentfrom those that would have resulted from a
more laborious integration of a smooth C; function. For
example, the vaIuea of enthalpy at 6000° K difFerfrom those
obtained by applying Simpson’s one-third rule by 0.0045,
0.0012, 0.0038, ind 0.0031 percent for H@, Ha, CO~,and~l?~,
respectively. #

In a few cases, discrepancies exist between the reference
values of enthalpy and the valutx of enthalpy given herein
that camot be accounted for by the error resulting from the
method of integration used. From an analysis of the values
in the reference tables, these discrepancies appear to be
caused by a combination of small inconsietenciea and round-

ing errors in the references. The mk~imum discrepancy
noted @ enthalpy occurred in HZO and was less than 0,25
percentof the value of ~T–~.

Enthalpy H$-For convenience of computation, tables of
enthalpy H;, the sum of the sensible enthalpy H~-~ and
chemical energy at 0° K ~, were prepared. An arbitra~
base may be adopted for assigning absolute values to the
enthalpy of various substances inasmuch as only difTcroncos
in enthalpy are measurable. The base used in those tables
was selected to obtain positive values for H; of the substances
commonly used as rocket and ram-jet propellants and occur-
ring in the producte of combustion; it is shown in the follow-
ing table:

m
Gcrt?d

F:
Cr#al

Clgatd
Ciyatd‘
Cl&s

+10

2+16

2$16

0
0

—

.
.-

In determining the value of H; ta be assigned to a sub-
stance having a known heat of formation, it is convenient to “
use the values of H; assigned to the elements as shown in
the folkming table:

Element

A
;1

c
cl!
2
:2
e-

‘nthawtl.wd’mr
Phasd

L%stal
Cryawd
Clmphlte
C3as

m
crystal

::
Ga9

L 4812
d. 82M 224.ca51
. . . . . . . . 178.8703
91.Oz’4 4217KI
7.ml lam

at.9M2
07.418u %%

........ L222260
1.@%a2 & 7716
2.0382 41109

eo.U+10 01.4812

For titiple, if the value of enthalpy l!!; to be assigwd
to HZO(liq) is to be determined at 298.16° K, the reaction
of formation wodd be

and AH; is defined as

A&= (H;kfl– (i%)%-; (w’)o, (52)

therefore,

(W%20=W+ (H;)% +;(wr)o, (53)

With the use of the value ~= –68.3174 (kcal/mole),

(~&. IL&20m,=–68,317.4+69,440 .7+;(4110.9)

=31 78.75 (cal/rnole)
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For convenience, the values of ET thus assigned to a num-
ber of compounds have been computed with the aid of data
from references 8 and 10 to 23 and are listed in table II.
The energy of gas imperfections has been inckded in com-
put~kg the valuee. of ~, assigned to the Iiquid phase of
ammonia, n-butane, cldorine, hydrogen, and water.

–AHo/RT and lnK.-From the values of Hlr and S= ob-
tained as previously described, the vakes of –AHo/RZ” and
lnh”were computed for the reaction of formation of each
substance from its ekments in the atomic gas state. For
example, the reaction of formation of H20 is

2H+O+H20 (54)

From the definitions of AE” and lmK

AH” (H&@ –2(=T).–(WT)0
~.

RI’
(55)

and

As shown by equations (3) and (4), K may be expressed in
terms of partial pressures. For example, for gaseous HSO,

K=~ .“’

The values of In K have been converted to log Kin the
tables for convenience.

INTERPOLATION OF TABLES

MerpoIation fornmka are given that permit computation
of self-consistent values of the thermodynamic functions at
temperatures intermediate to those tabulated. Linear in-
terpolation is recommended for simplici@-, however, when
a high degree of self-consistency is not requhed. li@rpo-
lation formulae such as those of Newton or Lagrange wiII
give -dues near the self-consistent value. Inasmuch es the
tabks are based on linewr variations in C;, Iineiw inkrpola-
tion yiekls self-consistent results for the C; function. An
example of the values obtained by the interpolation formulas
given and by Enear inkrpoktion is shown for each fuwtion.

Merpohbtion of speeiiic heat.—The due of ~ for any
temperature 2’ is given by

~, =(G)I+&, [(a-ml] (57]

whine (Cpq1 and (C~)2 are the tabular values corresponding
to the tabukr temperatures T, and Tz between Nbirh T
lies and 5T= T– T,. For example, the value of C: for HZO
at 1573.4° K is computed to be

C;=11.134++ (11.343 –11.134)

=11 .287 (ca.1/(moIe) (aK))

hterpolation of enthalpy.-The value of H; for my tem-
perature Tis given by

WT=(W.),+@=hT (58)”

where (H~)l is t-hevalue listed at TI ~d where

For example, for H20 at 1573.4° K

3P=11-134~11”287=1 1.211 (ml/(mole) (“K))

FT=25,202.3+11.211 X73.4=26,025.2 (caI/mole)

By linear interpolation,

~.=26,027.2 (cal/mole)

titerpolation of entropy.-Sel.f-consistentvahms of entropy
may be obtained with the aid of equation (49), which may
approximated by

8S~=~; 6 In T (60)

from which S; maybe written

Equation (61) yiekls self-consistent values to within 0.0001
(caI/(mole) (YQ) for all substances tabuIated at tempera-
tures above 1600° K and for aIl substances except A.1203
(s and g), BF,, B20, (liq and g), CO,, and H,O for tempera-
tures from 10000 to 1600° K. For these substances, the
error due to use of equation (61) does not exceed 0.0003
cal/(mole) (“K)), but equation (49) may be used if greater

sdf-consistency is desired.
For example, for H20 at 1573.4° K,

f3~=59.8687+11.211 (h 1573.4–in 1500)

=60.4043 (cal/(mole) (°K))

By linear interpolation, “

I$=6O.4O1O (c&l/(mole) (%)) -

Interpolation of —MZO/RZ’and log .K.-The values of
–NZa/RT and log K for any temperature T are given by

=’(%)1-%(%’) “2
and

log K=(iog K),——
():; ++d (63)

where (—tiO/R~l and (iog K)l are the values correspond-
ing to TI and where a, b, c, and d are interpolation coefficients
corresponding to T1.

For examp~e,for H20 at 1573.4° K,

( )~=76.3615–~ -+0.05;15 =72.8862
RT ..

By linear interpolation,

–AH”
—=72.9433RT

and for log K,

Iog K=20.5727— ~(-+0.02690)=19 .0247

By Iinear interpolation,

Iog K=19.0501
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SOURCES OF DATA

A summary of the heat of formation and spectroscopic
ecnstants used in computing the tables and the references
fmrn which these data were taken are given in table III
together with a summary of the source and the treatment of
specifm-heat, enthalpy, and entropy data. Additional die-.
cussion for a few substances follows.

Ali03(s, liq, g).—The properties of AIZOain the solid,
liquid, and gaseous phases were approximated by starting
with data at 298.16° K for the solid phase anclcomputing the
properties of each phase from specfie-heat data and enthalpy
changes associated .svithphase chamges. The specific heat,
for the solid was computed from a formula for (?; given in
reference 27. The value of ~“~~.16for the sofid was ~km.
from selected values of B?ationalBureau of Standards (iesued
undated but prior to June 30, 1948). The values of en-
thalpy and entropy up to 1000° K were then found by inte-
gration of the 09”fornmk given in reference 27. The heat
of fusion (AHOfu,lw=6000 cal/mole at 2320° K) was taken
from reference 25. The C$’values for Al~08 (liq) above 2320°
K were calculated from a formula. based. upon data given
in reference 25.

Inasmuch as data on gae.txms~,0, are unavailable in
the literature, it was assumed that c values for A120*(g)
are the same as those for BZOS(g) given in refgrence 29.
The heat of vaporization @HO,,p~,l,,U~= 115.7 lmal/mole
at boiling point of 2980&60~. C). was taken from reference
40. The uncertainty in the values given for entropy and
enthalpy is estimated to be +10 pert@.

BF,—Since publication of TeohnicaI Note 2161, new”
thermodynamic data have been computed for 33F based
upon a lx ground state and a dissociation energy of 4.3
electron volts as quoted by reference 3tL.

BFs.—The thermodynamic functions of BF3 were-computed
by the rigid-rotatoAm.rmon@-csci.llator approximation with
the following spectroscopic data giver-in referencw-31 and 41:

1 I
Vibrational frequenckw I MomentoffnertkaI

I B11F8 JjM~,
(m+ (m-q 1“.!.@(m) I

3LA%IIFil-Relatlve
I I k J ...—.

B203 (g),—The value for the heat required to convert soIid
B203 at 0° K to gaseous BZ08 at 1500° K listed in reference
29 as 106.o65 (kcal/mole) was used to compute the value of

(i%) B#@I. The values of (L%M)%%Mand (H&–H&~tiJ
wwe taken from reference 29. The remaining valuw..of
enthalpy and entropy were.ccrnputed by integration of the
specific-heat data.

Clz and HC1.—The C; dati- for””CIZand HC1 from 1000°
to 6000° K were taken from unpublished data obtained at
the Jet Propulsion Laboratory of the California Institute of
Technology.

ClF,.F, and F- .—Reoent spectroscopic and thermochem-
ical measurements ODeompcunds of fluorine (reference 42)

have indicated that the values of the heat of formation of
CD’, F, arid F- are considerably less than the values given
in reference 18. In a communication in 31ay 1949, Dr. 1’.
D, Rossini of the h7ationa1Bureau of Standards lia~cd their
best current estimate for the heat of formation of C!lF am.1
F as – 13;2 and 17.8 (kcal/rnole), respectively. In accorda-
nce with thesenew vahms, the value of the heat of formation
of F- has been recalculated from data in refcrencc 18.

H.F,-The values of ~, H;, –Ii&, and~r for HI’ at 298.10° K
600° K,” and every 1000° from 1000° to 6000° K wcro
computed from spectroscopic data given in refcrcnco 36
using the accurate summation process. Intermediate values
of ~ were interpolated. Subsequent to the completion of
computations for this substance, new spectroscopic data
were made available by Dr. A. H. Nielsen of the LTniv&sity
of Tennessee. Values of a:, ~*—@, and STat 5000° K com-
puted with these data differ from values herein by 1 percent
for ~, 0.2”percent for ~T–~, and O.O3percent for&

e-, F-, and Li+.—The use of metals with Iow ionization
potentials introduces the possibility of the formation of
appreciable quantities of ionized products. Because tho
partial pressure of ioqs is ~~pected to be small, the zwo-
pressure properties of eleotron gas e- have been tabulatc~
from reference 38. The properties of F- hive beeu computed
on the assumption that only the ground electronic state is
stable. [See reference 43, p. 218.) The contributions of alI
energy levels above the ground level to the thermodyntirnic
functions of Li+ are negligible. The value of C; tabulated

for all thi~e substances is ~ R.

Li,-in computing tlm thermodynamic functions of Li, tho

summation was carried over the first five energy levels.

LiF,-Spectroscopic data for LiF gas were not found in tho
literature. A vibrational frequency for the ground state of
1343 (cm-l) and a moment of inertia L= 15.415X10-0
(g@ (cm’) were graphically. ~tima.ted from a plot of forcg
constants against difference. m atomic number of tho two
elementi”composing the substances hTaH,Cz, and BeO, each
substance which is isoelectronic with LIF. It is expected
that the anharmonicity constant for LiF is sufficiently large
to increwe materially the computed value of tho specific
heat. The uncertainty in the vrdue of the enthtilpy and the
entropy is estimated to be +10 percent at 5000° K.

fiH,-spectroscopic data for LK131given in reference 26
were modtied for the normal isotopic mixture LII using
relative abundance percentages of isotopes and atmnic
weights given in reference 44 (pp. 163 and 1~, respectively) .-
The value obtained for the vibrational frequency of the
gro~d state of LiH is 1360.37 (cm-l) and for thu momcl]t of
inertia is 3,77246X104 (g@ (cm2).

HzO(S),IT2(s),and 02(s),—The heat required to heat solid
HZO, Ns, and Oa from 0° to 298.16° K in the natural stuta

was taken from reference 37.
New data.-subsequent to the ocmpletion of the computa-

tion for m, new values for C;, internal energy p–ll~, and &r
were publ@ed in reference 45 and cliffer from the values iu
this repoti-at 5000° K by 0.5 percent for ~, 0.1 percent for
~–H;, and 0.02 percent for S$
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TABLES OF THEEMODITJ-C PROPERTIES

The values of the functions of the 42 substancw exe gi-ren
in tables IV to XLV at 298.16° K and e~ery 100” from 300°
to 0000° K together with interpolation coefficients for
–AHO/RT and log K at.every 100° from 1000° to 6000° K.

LErIS FUGHTPRoPnsIoN LABOWTORY,

~A~IONAL AD~OEY CommTEE FOR AEROXAt~CS,

GEWELAND, OHIO, Janua~ %’6,1950.

APPENDIX-SYMBOLS

‘he following symbols are used in this reperk
“A
a,b, . . .

c:

+g’,p’
c;

D

E;

>; “

!&

H;

E;–H;

R1’

AH;

h

h’,h”
h,*

k[k”

I
J
K
liq
M
u,
m.
IV

~u&ber of formula weights of reactants
summation of each atomic type over products

of reaction per equivalent formula; with
subscript, number of atoms of each element
within chemicaI formula; in thermodynamic
tables, interpolation coefficients

molar specfie heat at comtant pressure and
standard conditions (cal)(mole) (“K))

specific heat coefficient for matrix
molar specific heat at constant ~olume and

standard conditions

Operator-(:$T)= ,

mokw internaI energy at standard conditions
internal energy per equivalent formula
molar free energy at standard conditions
gas phase.of substance
chemical energy afi 0° K and standard condi-

tions (kmI/moIe)
sum of sensible entklpy and chemical energy

at temperature T and standard conditions
(kcal/mole)

sensible enthalpy at tempwature T and
standard conditions (kcal/moIe)

enthalpy change due to formation of snb-
stance horn its elements in atomic gas
state divided by RT’

enthaIpy change due to formation of sub-
stance from its elements in standard state
(kcal/mole)

enthalpy per equivalent formula.
ent,haIpycoefficient for matrix
sum of heat-and kinetic energiesper equivalent

formula
ratio of Pkmc.k’s constant times velocity of

light to Boltzmann’s constant, 1.43847
(cm) (“K)

moment of inertia @n) (cmz)
dime-ionel constant
equilibrium constant
liquid phase of substance
lIach number
molecukw weight of equivalent formula
mass flow per second
number of products of reaction

:

P
Q
~,T

R

@

.8

s)
T
t
r., r,
u
T’r

.& . . .

Y

~l,@r . . .

A
6

E

WJ2J7S(2)

P4(2)
% ,Wre
P
Subscripts:
a-b,, . . .
f
9
1
m

:
s
T
. ..Y.Z

1,~,..-,
i,. ..N

number of moles
total pressure

partiaI pre9sure

any function

any vmiables; with subscript, matris symbol

Lt. 1

universal gas constant, 1.98718 (cal/(mole)
(°K))

molax entropy at standard conditions (call -
(mole) (°K))

entropy per equivalent formula; in thermo-
dynamic tables, solid phase of substance

entropy coefficient for matris
temperature (“K)
throat mea
unit matrix
velocity of sound
-roIume
velocity of flow
elements within representatke chemical

formula
correction -wriables
submatrices
increment
increment due to a temperatur~ chmge; with

subscript,, error parameter
total-error parameter
spectroscopic constfmte

spectroscopic constants —

density

number of atoms tithin chemical formula
fuel
oxidant
any point in nozzle -.

number of types of gaseous molecule
initial given condition
constant,pressure
constant entropy
temperature (?K)
product rndex numbers (i) that designate

atomic gases -
product index number
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TABLE III—THERMOCHEMICAL AND SPECTROSCOPIC DATA AND REFERENCES FOR EACH SUBSTANCE
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TABLE V-THERMODYNAMIC PROPERTIES OF Al (GAS)TABLE IV-THERMODYXAMIG PROPERTIES OF A (ARGOA’
GAS)
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TABLE VI.-THERMODYNANfIC PROPERTIES OF Al
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TABLE VIII-THERMODYNAMIC PROPERTIES OF MO (GAS)
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TABLE IX—THERMODYNAMIC PROPERTIES OF AM% (CRYSTAL,
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TABLE XI—tiRMODYlL4.MIC PROPERTIES OF ~~ (LIQUID)
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TABLE XII—THERMODYNAMIC PROPERTIES OF B (GAS)

[Atornk weight, 10.82]
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TABLE XIII-THERMODYNAMIC PROPERTIES OF Ba (GN)
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~ 8.927 39.7WI 5WW65 7L.S2%6 &2m2 m o.Omm –2 OW 246 0..
8.WO 40.52s2 ~% &mm

R%
756 .KWmo -~~~ 34L

m a944 4L 5194 7.mm 740 .m 834 :=
8.947 424139 51L0791 723925 7.785L 724 .m –28962 327

mm &ml 43.3uoa 5LL9740 725742 i’.W no .m -2 9&m 62L .00216

mm &955 4L204L 6YLmm 727516 7.4W3 695 a wm5 –3J3m9 316
a9m 45swm 6CL7W 729m5 7.W40 m

:WJZ;
.OOL02 -3. w16 ~

!im2 &ma 46.9959 6L4.mLl TL0962 7.249 m .C4101
&ma

-a. 1523 .002m
46.m25 5m55n 7.lMI

. HH
656 .00118 -2. 21M 2m XKJlg

bmo am 4-.%95 616L4547 &mm 644 .muo -3.2664 m

mm :% 42 mn 517.3522 m. 5!2+31 &8735 amlm ma 0.mB7
49.mm ma.2505 ?3.7491 6.7614 % .00121 2%% ‘= mol!m

moo & 991 m 4S41 519.lm m9054 := mo .00181 –a4237 m
allm

.mlm
5LJ.am 5mo&% 740592 -&4727

moo Q005 Em —!!’!_- __!l!_E
.Oom

52!2S37 mW99 7&2105 -a. ml _.!!_ ------ —--

.

—-.

—.
, .._

--
.-

——

—

.



856 FU31?ORT1037—NATIONAL ADVISORY COMMITTEE FOR AERONAUTICS

TABLE XIV—THERMODYNAMIC PROPERTIES OF BF (GAS)

[MoIecuIer weight, 29.82]
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TABLE XV—THERMOD~TAMIC PROPERTIES OF BFz (GAS)
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TABLE XVI-THERMODYNAMIC PROPERTIES” OF BH (.GAS)
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TABLE XTI1—THERMODYNA311C- PROPERTIES OF BO (G-s)
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[Molecular weight, 69.04]
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Ms.216s

HE
llh 4410
Il& 1W2
116.7678

6a.7W
81.4062

%%
763647

6.4317
6.4486
L 5173
2.&230
Z7Q44

L ‘%J61
L 26t4
.6111

-. B27
-.84M

-_a Oo;g

-. CQ169
–. au30
–. mul

!26.071
!2&079
25.6s7
256$3
mow

04. m40
97.2621
99.8204

10Z3$?4
104.m

.32ci7%36
223.3510
225.9123
3m.4893
!23L0+72

-o. mm
-.WK46
-. mI16
-. m
-. m4

117.2416
lls. Olm
118.6147
110.mm
119.7837

4m
47m
43al
4600

107.mz
110.me
HZ twls
115.3520
117.8253

m%.6%1
M lwa
m. ml
241.3419
243.9143

123,3476

E’?%
12L2721
m 4M3

65,mm
64.1136
m, nta
61.4W21
53.!mM

floo2 -y.
6,401
Ii 323 -. om23
&1% –. Omm
6,076 -. OWE

–L 4740
–z 0793
-2. WM
-2. !2162
-3. 74W

-o. cm7
–. axm
-. m74
–.(lxhxl
-. aw

7-
5.956 .0. OM!m
6,842 –. 0m6
6781 -. m
4625 –. 6W3
km –. ma

-
ha. -o. mm

–. (W85
:% -. m
&1% –. mlo

5100
62)0

i%m

6Wl
6700
5800

6000

:: g
Z&737
26.741
2S.746

lm amo
12z ml
lm 5446
uiS.1135
130.69%

24&48e.4
249 Ixa-1
281.6336
xmFi~;

m. mu
lg. ~

EL 4722
S24.B440

7.2h.4iM6
12.4!.8043
lM 8122
lxi 7624
127.18tM

5Q.0776

Piw
66.7W4
54.7789

-k 2630
-4.7$34
–6. 2612
-6. 6s81
-o. X?w

-& M38
-6. W3i
–7. 3696
–7. 7419
-3.1116

-o. (KKM5
-. moa
-. m321
-.011313
-. m

Z&748
26.752
26,766
2h703
26.763

12s2674
m 8424
lm.W8
140.‘ZG6
143.5om

260.8662
26L9313
264Me7
m-r.0s23
M9.6tB7

-o. U!O1O
.mll
.moal
.CtxE27

. ..-— , -..-.--–
I —. ——

TABLE XIX—THERMODYNAMIC PROPERTIES OF E$Os
(CRYSTAL)

[Mokcalm wefghL 69.04]

‘%(.&)TZ)”(:)(mof”i)-’w ‘OgK
---------

2Qi 16
0

14.73
--- . . ..— . . . . . . . - . . . . ..- -

z 2410 H% la. 07
3W 14.72

llr7.3&3 466.554
60.9619 l&16

la 40
1130.2’W

:%
4626.22

62.0079 17.20
i% 2L 12

846.916
6.W M 5910

3m.717
2281 fY79.078 264.968

Om I I &lWI 6s.alw
700 I X.362: I 606.642Imai47

10.03m a 2369 20.09. 4% 763 471.669
723.16 2&67 11.14m 59.8239 3a91 470.191 164.632

—,
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T-4BLE xX—THERMOD~NA~C PROP~TIES OF ~o~ (LIQ~D)
Molemdarwefght, 09.641

61.E*”(+)

de .,-—.
465.420

%&
35t402i

-------- ..- .----—
-....... .........-
--..-—- —-------
2+014 -0. 07!llz

164888
146.884
I!E.O&$
masm

=16 SL75 l&S@30 65.2439 2a41
g. 31.600 m. owl 4L 6117

31.242 2!% 7L8252 4&m66
lmo am X2452 i3. 9291 4?.6si2

IIIll m. 9169 5L6141
%% ‘ a mm H% 54.mm

Im 344CK m. W26 5tL6m7
W? a7.4472 861311 Sa%

%% 3U872 4k4w6

r

89.16e5

mm 89.Sio 48.&i S+Z2050 6Z 9112
mm mm 4&65&T %2426

~il-
0475m

mm ea.2i96 ea48s2
18-MI Wsio 10L8166 &m

W. 870 5Lt?8Qi 104.3s36 041.,08S0.

.-------
------ --

..........- -
------------

. . .
..-

-......-
1* 673

-.. —------.
-o. Ofm6

8m&wl 3QE&3 :. 95.ls!3L
279.8562 ~29L M 4a52

26J95 -. CUM89 73. m
g%g 24,226 -.WJOW m. 18Ea

a mo –. WoIs 6CL2049

-0-0W3
–. 05142
-.04W
–.04377
-. 04M

9,146
&606
5128
i, W.
7*304

-(Lm7io
–mm
–.m46
–. w
–. 02690

‘awm

-- f?&

-. Oma
–. 02500

--

...=-------- -.—-----...
...=

(“TQ

[Atomia mefghl 2.0101
—.-.:

.
—6s-.)La-L.)

- .-

~ 16
800
400
5Cfl

262.ml
283.Sno
%8832
26L8SE
26A8m2

----------
%7.iml
37.im?
au!2235
40.8888

----------
4Escm
Awl
4 Wi
4m28

!i@i8i84
26hsili4
zm.m
mi. ww
267.3663 -. ;——

—.

.—

.

m
ioo
sll-

1000

.Leio9
L ml
.LW107
L9EW
L 0391

49691
4s@i
4 !3i05
49i25
4 97&-

1100

130fJ
1400

&5461
ILwzl
ILbwl
7.fmz
7.S386

267.8632
28%3002
26awi2
2W.SE48
X4.8517

44.2521
448%s
4hos2a
4h4507
Km

Itxil
HIM

%%

&om
8.lmM
8.02m
Q52i4

m.02ii

27(L34W
2i0.84i4
2iL8461
m. 8466
2i!4345a

46.LIKI
.M 4L70
46-70ZI
4R’mo
47.2297

B%
2.MXI

& 0169
5.W16
ao4M
tioem
6.0769

lo. mQ
u.mIK
IL m64
12 lMo7
12 W-6

47.477
47. m
47.Q31O
4s.1460
4a8so

‘2&lo
Zoo

Pm”
81CFI
320+3

3404
8S30——
3m
3700

88Q0

——
4100

43W
4400
45CQ

&ow
K.IU8
hrm
6.14s6
5.U377
5.I&36
52065
&2243
&24za
&xLo

&m
&2w
& 8PM
h82a6
&w42

5.8S8Q
%8732
LEa66
53904
h41M

6.4227
& *L
5_4427
h 4514
h46&3

6.4&n
54720
54m.
5. ao
&m

h4Ws
h4ss2.
ti4m3
&m
L4WQ

4s-s624
4%7454
4a!W2
49.1116
49.2384

49.4562
49.62H
49.i816
49. C@i!3
6!).0301

bo. 2M6
$Jl

60.8331
mm
m-m

H’%
6Lao2
6L431i

%5%
6L7&?o
5A943
5200-M
62L127
S2.21SQ
5232%1
524253
b26202

em
SLi?m
5L 8L76
529114
mm

.

4twl
4ioo
4SW

5001——
sum

~

mil

EOcm
5ioo
g.

mo

.
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TABLE XXII—THERMODYNAMIC PROPERTIES OF CO (GAS)

[MolecuIaI weight, 2S,010]

(A) ,W+($+d)C$
AHO

‘~T(% log h-

(.4$TJ(2%) (%3 a b“

I ‘w-
05.7461
07.am
67.8316
~ ~;

Z&16
M

MO

600
m
%m

1$%

..........
w
7.Olz
7.lxl

7.276
7.431
7.624
7.737
7.932

-------- -
47.331
47.242
#.3g

----------
4242122
43L6601
82406s6
Z39.5684

--------
-.. ..—
........
.. .-----
-...—- ,-

.........-

.---------

.---------
----------
........-

.—....—
W 2626
Ml. m67
EA. 2147
106.OJlo

.. ----- .... .... ...

.......- ....... .....

... ----- ...........

........ .-. ..—...,

.......- ............
69.9660
70.6010
7L 4469
72.2167
73.mm

62.233
53.,w3
64870
65.287
66.1160

21&5368
135.7981
lm. 7222
144.76m
lm. zmz -

.. ..... ............

. ..... .. ....... . ...
—-—-.. ............

... ----- ----------

........ . --------

....—- .-. —---

8.06s
a 167
.9.2a5
8.349
a419

Ilal
lm
1300
Mm
Im

;.
9.m89

10.5196
IL mm

73.So21
74.6134”
75.42m
m. !x157
77.WI

6&SiiT
67.6M7
66.2412
m. saw
M. 4363

Ha 6346
lm.6261
Km.6223
m. 4014
37.2274

lL m

}

0.02870
10,762 .mEa4
9.939 .02101
9,m .om3
&622 .01492

~~ 0.01304
.01W4

7;196
&w :W
6.462 .Mm

-44.4266
4a 1314
30.4246
g. :3

5181 0.01027
4706 .OIw
4= .01491

.01310
mn .01142

&&l
& 636
s.635
3.627
& 066

&w
3.730
& 760
&7’84
3.S36

Il. m
12.Olw
lz. we
14.7706
lh m61

Ill m
17.s747
I& 2461
19.1262
W.W6i

77.9491
?&mm
79.mm
W.6106
8L am

82.2404.
32.IXa
32.9952
34.8722
6s.7518

m 9m6
m.4964
60.0s67
6L 4610
E&w

!2s.3020
al Zlll
24.3616
am
21,m

2s37 0.01031
mom

8146 .Mml
.msm

m34 .m74B

m. ala
62.7M4
m 1121
m.4m4
m. 8444

62 Km
59.m43
m. 1267
64.7729
62.0073

~
1$176

L

o.0M43
prJ .00326

.0m13
5:412 .mlwl
b 197 .Mo26

19.S32.9
gW#

ld 4362
I& 4324 mZml

Zmo

2530

mm

2W

K-K@

3ml
3iiW

3Wl

3.3X
& 847
am
)11

m.022d
87.5172
m.4Ctm
39.2s01
0). 1791

04.1M2
Mm

R%%
06.4630

60.mm
4&7672
4~ gz

43.9460 L
4?9& :%
~g

-.00163
4:436 –. 0om3
~m -.00236

146243
H..7W3
la 032a
12.32!32
11.6n3

2134 0.ml
21M .M607
g .m464

,mw
1394 .0M33

8.913
am-i
8.W
8.962
8.W

23.3246
m. 2166
27. mm

%%%

9L 0707
9L 9627
92.3WI
W 76m
94.6469

m. 76m
M.02M
m.3097
M. 5767
66.3264

42.64m
4L 2367
40.MM
33.3517
37.7607

4,I’M -_&%
4070.
8,W6 -.0W9
3,&l!? -. 0m36
3,m -.00417

11.MM
10.47771
9.Q261
9.42a9
3.9417

1324 t! 00443
1777 .CQ432
1723 . M444
1673 .M4m
1626 .mw-

$g”

E
-o. w]
-. m414

8:WI -.”0n03
–. Wo6

t% -. m424

s,m -a m333
3,I@ -. ma
~ g: -. W94

-. M4xl
am –. M3m

—

Mm
am

%’
8.!274
&w
3.m6
9.m6
0.016

0s.s431
m. 44U
97.8401
w 2401
m. 14H

67.Oa80
67.3240
67.6736
67.8076

. 63.0367

36.7207
35.766s
ak3338
38.0ss6
23.1274

3.4s60
&m46
7. 04m
7. mm
6.M!32

1580 0.00417
1638 .m4m
149s .m200
14M .M3m
14M .M2m

41W

M

403
-—

4M0

%
46VJ

9.024
0.m4

kE
9.w

%2009
36. 19%9
30.lm6
87.mm
a7.9138

lm. 0420
100.w
10L340i
102.7644
162.0399

“62.X6”
6$4700
6s.ma7
m. $ma
243.1031

82.2370
3t.6844

E%
29.52a3

:%%
h M47
5.57m
6.%96

12m o.m379
- Lw .M2!M

lmi .M306
1295 . .M302
12M .M363

9.007
9.074
0.0a2
9.0s0
9.096

33, 8%31
39.7271
40.6349
4L 6436
424327

104. W&
105.4732
100.6alo
107.2.396
Im. 199s

69. mo3
29.4944
69.mm
69.87!M
m.0666

Z8.M2a
28.3043
27.m
27.m
.2&Mm

&c@7
L 7426
4.4963
4.240s
LM42

1239 0.M263
1213 .M240
1187 .OoW
1164 .M340
1140 .M247

3100
5m

5400

9. lm
‘J.110
0.117
9.lm
9.lm

43.3627
4’42733
~ la4;

47.mm

109. 10M
110.0184
110.mm
nL w
llz” 7354

m. 2367
70.4136
m. 5972
70.7576
m. wxu

2a 1463
!26.6566
gh

!242032

1118 0.003to
.Cma2

H .m
1LM7 .Omm
la37 .M232

5mo
6700

5m2

9.la7
9.142

:=
9.11%2

47.022i
49.3367
’49.7513
50.6536
6+.X@5

Ila mm
l14mm
113.4!274
116,4127
117.9M’3

71.m97
71..2514
71.4105
7L 5670
7L 7M0

22. &#a
23.4792
Z3.om?
E 7114
22.3467

i4316” -0.03172
–. Im.io

$Z –. mB6
%106 –. mlzo

. . ... . . . . -.. .-. .—

2.im
2.679Q
2.4041
2 MM
Z.m

1019 a m323
lml .@321
w
268 :%%

. . . . . . . ..-. —...
----- .

.
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TABLE .X.=H—THER31ODYNAJIIC PRCiPERTIES OF COz (GAS)

863.G13NCR.AL METHOD

[Molecnhr wejght,44.OIC)]

..-—. —,..,.-

“-=%X*)AH”——
i?T

c d

=.-

..-----.--
b&2c@4
64426%
4s&’wm
S. 642?

] ~,, ----------
am

w)” 8.804
4m ‘J.sil
600 m 662

!—

!ml
z 2546
ilw
42228

0
x ml
22646
X194S
42223

—.----
!i!%
=815
mllz

.—-— --.. -—.. ----—--—
-------- .--------- yn%n
-.--..-- .........-
--L_ -. .--—--- 1958i95
-._. -— -.-. -. —-. 154..8214

-......-
--.-----
..------
.-. -.—
-.......

-—----—---
---.— .-—
—.—-—---
..........- .-

.—
..

..-
. .6.3224

6.4W3
z 6804

It i%

68.109
WL895
6Llmi
EL’iso
642310

..- ....-. -—
------------
.-.--—-----

........

... --—
------ -.

642s

-.-—+-... ....-----
O.o!ms

Usal
Izms
142s12
l& t41i4
1(L6993

ILES50
H. 8%
14au
15.eJ)i4
m WWl

H’iLiiea
162204s
14A8es3
13%2012
12E9554,..

Izl.sml
11A7156
m%Wo
mz6i2Jl
97.Ems

17,64s 0.. 6LSill
l&09i
M&3 .04210
~<8~4

H%
.C364i “62s24
.W80 4LW6

CLoli97
-01434
. lnlo3
.OEsO
.m713

ls. 4042
19.E216
2L2’W
22 W’2
241324

. .
r

70.7!m
iL5is2
7ZW5
g H&

.-
.—

..—
m.40-42
19.SZ16
2L2496
22 6X2
2412i14

E&ml CLozm z.m
U396 .02304 KFacQ
10,767 .62116 3L8923
l&~ .01820 29.m%?

, .0M4S z. 18s6

6!a3
Wi-i

Mm
4231

6-E;
.00294
.Cmi?o
.W74

Z&W2
27.04s2
m. 5166
39.%90
3L 46S0

746ZS
it 3a84
759557
T&tan
n. Em

2s 5872
E. 0482
!48.5166
29.WO
3L 4.!3S4

EL9L66
Ss.mls
84.8W
8L322i
78.0i46 .

‘ 9,244 a oum Z&1680
.01124 =’M7

2Y7 .01CU2 2L @S8i
:; .oWo

W%r .00T16

m

%3&
~.

626s
8123

2!az2

2i34
2649

2-W
2K4L

aca248
.00186
.00175
.Oolzo
-Oollz

O:malg,

.CIx65

.Wtal

.W341

..---- --
329322
3A4414
25.9362
37.4235
arlm

229522
344414
85 W62
37.4225
a. W&

ii. m
iazmi
78.8740
m. 3997
7EL90M

ra 0769
iz!ms
69-E

650753

i, 4S2 o.00S9 17.4462
7,?38 .00491 l&NM
6?965 .0m2 15.0n2
6.ili .002e4 140281
6493 .00172 13.oJs5

-..
_-

. .
--”.:

0.W332
Sla&

.0N3L

.CmFu

his-i M_ml
15.117

:3W0 15162
IwCdl lh 185

i li 216

46.4420
4L 9619
434664
446%22
4&6cQ2

4a4420
4L 9519
43.4654

%%%

8a 4cQ0
8CL8S2Z
SL 2490
sL8Cta
82241$

L129W3
6L0132
59.ml
57.4278
E7ES8

6#89 o-oixr79 12.Mm
.0M48 LLz!m

R% –. W!52 10.4891
5?740 -. MI1OO 9.7232
6.63 --allE4 9.02Q7

.-
.-

6424 1-0. 00E4 8.z-m
5?280 –. CG?m
* 141

i. illll
–-W250 7.Ion

& 011 –. 00295 E 5366
4 $S6 –. Wll & 99KI

2364

2220
21i3
Zm

11~-

.Cm51

:%%

48.0264
g %4

626113
64 145)

4s.0254
49.5614
61.W
626118
54 I.m

8z6i05
8Z 6886
824M3
SL8WI
a 2s26

8’L66KJ
8&W29
M.29K”
85.i.?m
Salx%z

642109
lam
5L 3399.
mom
48.8244

.
..

—-
him tl–o. Omlo 6.4ih-

–. 0m22 4.WI
“$g –.lxsls -L5124

–. W2a 40641
4W2 –. 0CM3 &6W

Cml-&i

.mo5i

:WE

M/w
m 406
m 429
16-452
15.477

55.6W8
57.2220
6a 7667
fa120i3
6L8541

6aea23
67.222n
S.imr
60.3U73
6LWl

63.40!29
640S6
lm!!oes
610620
69.61!36

—
-. .. .

.’-
85-ss6
86.iizi
87. WI
87.41!M
S7.i344

424690
4L5W
4a705i -
w-am
3%CS31

1842

L765
1729
16W

o..

.Cmm

.mm

.UJ64

; :eJ# I Ih4!x
155m

1= lh64z
Ill w

m 16.RM

m..ictza
648524

k%
ee.m96
n H62
7274K
743062
7L8716
n. Mm

--
n Iiw2
72.i4E
743032
?ti8i16
n. 44fm

8s.0433
88.2466
88.6445
88.W3
Sk 225L

.—
I@31
1629
Im
1663
1546

1512
1486
MO
MM

--------

LIxtt6s
.mm
.Kc67
.aKm

- .mio

16.em
:% 15.eao

16.6!52
16.6i4

w I&ox

o:&4

.~i4

.03373

I*

I=.

15.m
5ioo 16.740

15.i62
15.m4
1SM6

79.ou?a
80.68%
S2.lm
83.726a
85m156

89.m
8a7865
m.~y

9).5%5

249127
24m2
23.ikm
3Z Mm
325M5

a 4i8 -:.%7 ‘ –6. O@al
j&6 –.22-30

–ml –. 6919
3JW3 –.mmi –.84W

---.—-- --.. --.-— –LOW

. .
---

------- ..-

.
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TABLE XXIV—THERMODYNAMIC PROPERTIES OF
Cl (GAS) ‘--

[Atomicweight, 33.4571

Hf”””

(%x —

FL :%”

34.mm
24..5@
36.09@

a5.63?5-
aa UII
36.7217
az ma7
37.7919

m.3!2M
aa.647a
39.3712
29.m
40.4g5

m

4~~y

42977a

-.. .- . .. . .

.-
f%

f d ““’
Lmole ‘K,

416
am
4m
m)

o
L 4391
1.msi
2 ml
a 6mI

.--. —----
&2ma
& 2237

m%

........- -
39. 46m
m. 4mo
41.0128
422206

am
m“
m

lE

6. 444a
54232
6. aan5.96W!5.ma
il.27s3a.2477
6.ml
6. 19i5$
5.1746

&w
a.mm
4.=
4.7466
b.27SS

42. aaa
44.0311
44.ml
46.4066
46.!?374

6.$284
h a347
6.ma
7.37m
7. m74

46. 47x4
m ‘W22
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GENERAL METHOD A.XO TABLES FOR COMPUTATION OF EQUILIBRIUM COMPOSITION A3ii TEMPERATURE

TABLE XXV—THERMODYNAMIC PROPERTIES OF Cl, (GAS)
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TABLE XXVI-THERMODYNAMIC PROPERTIES OF CIF (GAS)
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GENW METHOD -LIT TnL= FOR COMPUTATION OF EQ~EIUM COMPOSITION 4.224 TIKICPDRATURE 867

TABLE 2C.XVII-THERM.ODYXAMIC PROPERTIES OFF (GAS)
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TABLE XXVIII—THERMODYNAXfIC PROPERTIES OF F~ (GAS)
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TABLE XXIX-THERMODYNAMIC PROPERTIES OF H (GAS)
--
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TABLE XXX—THERMODYNAMIC PRO~ERTIES OF H, (GAS)

M.Iecular we4ght,2.016]
.—_
.,

(iii) (Jitw%+!(4.)(-’I-) I
b6!.

i.—.-. .-. o
6.s42 2.02a
6.896 2.0255
0.974 z mlo
& 908 a42m5

~ 16
30Q
400
m

.--. ..—

... ..—

.....—
---.—.
-.. —--

---.---.--
aL 211
&m
M.2KI
64Em

... -—----
17h8297
1747Q0
13L4466
106.W4

.....—---

...... ...
-.. ... ..
-—---—.-
.-- ....—. L
—..—.-......-.

7Lm8 --------
m.744 . .. . . . . .
bl.7421 -...-._
40.W99 :.- . . . --l

-..——...-----....................................m 71.646s
72.2484
72.9.W3
76.W4’a
74.2S27

@&lm
76.7454
66.4s32

. E%

48.7111
44.7m
4L 412a
am
36.046s

“g y&

L
................ti0744 . . . . ..-

19.m ._tii..
17.m

---.—-
.-. —--
-------

....... .. ..

.... ........
--. ..-. —.. I

..... ... .
---------

------
6186

.--- .---—
U02W

0.02468
.02Md
.02m7
,02653
.0M05

—..-.— ...
O.cmw I

“;: g

i& tW3
,77.3470
78.1139

40.W3
41.63!35
4L 0234
43,Ims
43.7227

11OI
Im
1303

%%

?.310 7.oa23
7.407 8.428!
7.539 9.17a$
7.as 9.03!31
7.7202 10.6969

4n2
4318

m
3454

l& 1766
la. 4106

F

1916
● lL 9135

10.6278 ;Z
‘J.6105 lm.1

& 6311 1447
7.3863
6.8941 %
3.2029
6.67W 1166

5.o161 1112
4.6310

:E
:E 978
a 2018 940

0.02583
.62916
.0n29
.o18a3
.Olon

1
a Mm
3L wll
33.2121
2a 6716
n. .m2a

-
3240

X34

m

a02rczm2##
.rmm
.ml

7.8232 Il. 4740
7.9229 122ma
K m86 13.05s4
a 10M la S343
& 1949 14 m

7R8Q9
79.6732
m.4763
m..ml7
32.CM9

46.2243
48.m16
441671
44.am
46.0112 4

&m472
.01332
.ol17a
.01006
.muo

o.OWs
.m793
.a7733
.W640
.mw

0:~

. m441

.alma

.OoW1

Ei%
2a.8w3

its
2478

2Z37
2174~.

a01964
.01837
.01762
.01690
.01024

mm
2330
2400

a 2702 lA K136
8.3537. Ill 3361
8.4274 17.1741
& 4677 18.0!m4
3.6247 l& 8736

~yg
ti 6M0
3s.4373
3?b2904

45.am
4s7%s
46.Im
46,6329
46.8M.3

ml
1R9
mm
1ST?
1748

~ :~&9

.01417

.Olwi

.m223 --t

26344 m
2.4M8
% In2 E
1.3621 EM
1.mm 789

3.6283 1stmm
3.0?46 .m.54191
& 7479 Z 47W
&mM2 , 22.3436
a 8s37 23.2317

g;%
m 3873
6?37064
w. 6484

47.2LS3
47.Mm
47.eJ322
48.lm
48.46W

2L 1627
20.4027
19.8969
19.030a
l& 42W

0.003s6
.Ca326
.OmlS
.032io
.032411

3.9118 !2AIm
& W36 25.0140
9.0143 26.9123
c!.0i339 M. ME!S
9.1125 27.72M

m. 6371

z%
%2337
9s.1425

48.7e4m
49.0447
49.ma

2%

m 1119
Mi.w
MI.W97
50.8636
6LoaeO

17.3437
17.6317
13.7919
16.3113
I& 3674

;69J

m?i
1646
l@=.-

0.m294
.Ol!m
.m263
.0E4W
.01233

L S482 764
L 1069 741

719
:%%
.4M0 E

31xlo

3mo

4(KKI

9.MM

F
2a.6392

Q.2070 %. 5676
9.2.6W a).4m6
9.m EL4om
9.0421 32.3401

9.33M m. 2763
M. 2172

l%% 36.16M
9.5118 w 1113
9.6s26 a7.0646

‘m Oml
m. %’46
47.SW6
m.8z53
w. 76m

I&m
I& 0214
14 l!364
14!2887
13.m97

aom4
.mw
.0U32
.Oilx
.mv34

a20m 06”
M4

–:% d23
–.2462 613
-.4m2 m

CMIQ2&

.K11G7

.00176

.00166

M M34
101.6341
1026702
IO&628.2
1044814

61.3178
61.6446
&l.7W

-2E

13.5%2
13.ml
12m
12.~6
12.4om

-
Ias7
#6.

l!MI
1175

0.01037
.Olosi
. ola38
.Olan
.01017

41fJl

w

m

-a 6487
–.6892

}

%!
-.3223 “5s3
-.Mla 646

-1. 07M 636

-1. 1W7 624
-1. m
–1. 4104 $#
–L 613d 494
-L EM 484

: fng

. W118

.Wm

.m

4
9.6928

%%
9.7099
9.7479

9.73s3 —
9.3222
0.3636

:3

3a 0217
3a 0s30
39.9432
40.9173
41.8q

106.4284
lo& 3999
107.3661
ma 3342
109.3070

52.4096
52.6164
62.8103
52.0194
m.mw

1!2.1347
lL W
11.w
11.4Cwl
11.1740

61OI

m

5WM

110.%3?
llL !2041
112.24m
lla .ms3
1142270

‘“53.409s
6S.E%97
m 7871
6s.!?717
641s36

Ia 3572
10.7477
Ia 54t4
Ia 3611
10.1631

1041
1021
Mm
986
w.

$

O.aml .
.W916
.Wlr03
.WS91
.00ss2

-1.7077 476
-L7992
–L 8823 ~
-L 6721 M
-z 6539 442

0.CfXUb
. mm

–. ml
–. m
-. m18

QW49r47.Eln81: E : g7
la oemla1001 5L81eq

nh2m7
116.m
117.2216
~:: ~

%M16
9.X533
9.6203
9.47XJ
Q.ma9

amm
.Ixwf7
.m54
.m843

EmJ

6m3

m

–a mi .434
-z m 427
-z 2522 m
-3.3531 413
-$44216 --------

.-a rJKa4
-.m2
-.Om29
–.mw!

------- .......... ......... ... I —.



GEX8WML METHOD AND TABLES FOR COMJ??Zl?ATIOX OF EQ~RIUM COMPOSITTOX ASD TEMFEE.KruRE

TABLE XXXt-THERMOD~XAMIC PROPERTIES OF HCl (GASJ —
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TABLE XXXII—THERMODYNAMIC PROPI?RTIES OF HF (GAS)
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TABLE XXXIII-THERMODYNAMIC PROPERTIES OF fiO (GAS) - .,-
.
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TABLE XXXIV—THERMODYNAMIC PROPERTIES OF

—

e_ (ELECTRON GAS)
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TABLE SXXI’-THERMODYBTMIIC PROPERTIES OF 1? (G-AS) .-—
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TABLE XXXVI—THERMODYNAMIC PR@”ERTIE9 OF I,i+ (GAS)
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TABLE XXXVII-TEERMOD~”A.lllIC PROPERTIES OF .
Li (GAS)

[Atomic weidt, 6.9401
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TABLE XXXVIII-THERMODYNAMIC PROPERTIES OF LiF (GAS)
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TABLE XSXI~-~ER~ODYNAMIC PROPERTIES OF IJH (GAS)
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TABLE XL—THERMODYNAMIC PROPERTIES OF N (C?AS)
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.22.ml
22.6824

48.2389
48.412b
4a.50s7
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49.!ZSI
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49.5629

-
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:JxW”” -
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6.2461
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-
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4eJm
47Ml
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.5W

5W
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6.4759
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24.ZW9
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25.41?a

85.97FA
2&6446
27.1177
27.Owi
2a2768
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w! ma
110.2695
110,S?28
nl. w

m..mB
so.4142
50.m
50.6442
50.7571
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112.5142
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114,244.

50.63s7
mm
51.Ws2
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R&
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= 8W
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81.2716
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51.5142
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51.721b
61.8288
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TABLE XLI-TH?ZRMODYNAMIC PROPERTIES OF N, (GAS)

~oleculm weight,!M.016]

MY
RT

“-%W+-4
. .—. . . . ..

(-aiw+$w=–Hg

(%%)(4 log h“ --G.—
Iia -6 c

.-
=----.... .-.

. .

.—--—---
119.424s
m. O&M
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d.lf
360
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-—--—
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---—---
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-.-. ..—.-
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Li4.2610
1.28A8a
I@. 6Xli
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--------
——---
---—-—
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—“n

_ .“—-.-6R!m4
47.2492
41L5214
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! %
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~x .

EJlm5
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—- —---
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-—--- -..--.---_-
-—---—.—
—-.---— .

—.--—-_-
—--
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.—

.>
n. 2236
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m
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341s
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2W

2m6

o..

.Omo

.01347

.01232

llCO
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8.063
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. m&

QW26

%%

12.C&n
1293m
m 7m5
M. Wl
I&4922

MS543
17.!2N0
16.mm
X92439
19.33’55

9.08s4
llL4904
11.KOS
12122i
nmls

65 ml
a9m5
mL6&xl
E. 2L43
67.7s6a

m.mm
6s.S3n
69.W21
69.m36
m 22%7

----

laism
14 em?
16.4i9i
16.33m
17.1914

18.om6
M. 916-2
la 7Ss2
!6).6@lL
216347

54 i410
6L 5636
a 7414
46.2132
42.W7

o.014s1
.01309
.Olla
.Olom
.Cmm

16.s6s4
lh4694
1422.K
MUol
mm

Mlll#

.03sm

.mw

.02757

am .
6.469
S.512
s. 560
8.022

Sa.64s
6L 04il
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2s.2ml
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36.m

6.CW9
.Cm62
.m595
.m4m
.0341tl

lL N-i8
IO.8TCS
9.6147
S.SZ16
s.2s2s

lao=i
1723
1649
Em
me

0:Ix&

.Com2

.005io

.0m27

awl
s.674
aim
s.733
s.im

8.7s3
8.205

MiJ

.-,
gil

!2z4786
=8570
242422

‘zL411S
23.2912
2#J2&

26.WJ4

.
=942-I
Z2.ma
al. mm
al 4016
ZQ.4947

2a27

2m6

2s46

o-oo2m
.00174
. 0ca31

-. 06Q43
–. rnm
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7,14i9
R6404
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62,6354
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I?&~?

6s.76s0
.-

-
ma14&

.UMls

:%%’!2
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s.9oi3
&G210
3.9340

-
25.1291
20.0177
26.W
z. 7691
%. MIS

ZlSm3
z. 71W
28.mm
2?3.4s3
30.3910.

.
64CKB9
EiLsw
FMm49
648s09
6Sl$9i

% 6622
27.mm
p6i:

2&306i

2s06

2644

%%

-&Owm
–. Omm
–.om25
-. Ousm
-. 0mi2

HHl
46305
42172
a sm3

s.6972
3.2!m4
3.0227
2 nns
z 513s

1227
Ilm

m
108s

lom
1023

‘%6
952

L“m5
.0m91
.OWm
.0a4m
.Om%l

-
6&s915

gs~
662964

:.
s. 96%6
s. 9790
L!mo

81.”%50
32LISW.
23.0766.
m.9i39
34si2..

246%
24 mm
2S.4153
2LE326
22 Zi’m

2436
2375
2S17

2210

.-0. mm
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–.U140
–. 01240
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.-
.—

.
.

6a66s5
W 7i64
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67.IM9
67.2979
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.m420
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9.0174
‘LOm3
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3407’25
34.’2729
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37.6794
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36.6721

- 37.=
m. 4755
39.87S6
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‘m.32=
m.SE%

!m4J
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lm.i

-0.01459
–:01670
–. Olw
–. Olm

‘--ols40 .—
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–. 02m9
–. 02ma
–.021Z0
–.021S4

L24S0
L0635
.s967
.72X
.m

s%
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m
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i—
● QW35

9.OmS
9.Oea
9.mm
9-0734

2s.ms
S9.4S81
‘mm
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40.m26
Ulm
42m29
420292
43.9365

i-r.mm
67.79Ll
67.WS
6S.lffli
6s-3620

-
es.mls
6s.im2
E.W6
24.0516
W2WS

19.4799
19.W8
~ 700700

IS.mu
.-

17.W
S7.2S21
17.0472
I& 7644
1114731

-0.02220
–. G2E4
–.02313
–. ml
–. oms9

0.4170
.26G3
.lm

–.0102
–. 1426
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.00473
.0049s
.00m3
.O+lml

O.g.

.m57i .

.m593

9.CS36
Wom
Q.0991
9.1006
9.I140

43.Im
440240
44m30
45.s42s
4&7649

Moo
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69m
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9.1214
0.1%
&1369
9.1431
9.1502

47.3020
4s.5791.
40.4924
~~

49.3om
w. 2732
6L 1916
621055
6amQ2

-
&3s31
613416
ea.ios4
09.s596
70.012A

16.2027
I&!3427
I& 6m4
15-45M
1%2L94

m20

Mm
1543

—-—-.

-a 02421
–-02453
–. 024s6
–.02507

—. —--—

4.-i&
–. m-i
–. mm
—,740

678
Ml
64s
e37 .-

. .
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TABLE XLII—THERMODYNAMIC PROPERTIES OF NO (GAS)

moIecuIarweight,30.W1

, ...’

-’”(%4)(-:~~‘~ T .
IOEKAH” “’~%%(++’)
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. . . . . . . ..- ---------- ------- . ---------- . . . .. ___ . . . . . . . . . . .._ -.
2.W42
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%m 5L22Q m. Ml&J --.-.. -., --------- 348402 . . . . . . . . . . . . . . . . . . . .

7.134 2.mos 26.5616
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------ . . . ------ -..
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-------
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1246125 ------- ----------
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-......%. . . .
. . . . . . . .. . . .
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7:SQo & 7W6 %% 6S.6!M u m16 ..titi_

. . . . . . . . . .. ----- . . . .
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. . . . . . . . . . %% --=.

aam!m a. 1W7
. . . . . . . . . . .

0.OWM

1100 8.242 3.3246 8L 6%J2 6a 1600 67.1074 6W
I’m 8.342 9.1637 22.4W ea.87-M

a o!m67 la 7116 “ 2466
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0.01722

lxlo 8.426 QW21
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23.3368
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.OIKJI
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62.1W3
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4a 1109
Iwo :$% E E9
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IKJo a 614 12.6499 3&l& 6a 31h2 39.me ~“ 0.01232 10.92?4
1700 8.WO la 4133 OLw n. 2714
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14%17 87.6264
.olm6 9.9162 :E

642219
.fm86!3

:E
2444

16.1627
3&!a31

2a.49a4
.#a27 9.0166 1616 .03791

E
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8.77Y lfi 02%2
2a 4141

30.8739
2!m5 .OomJ ; 2~7 1427

66.2$24 31.772s 3104 .00711 .
.00740

1367 .lxhW

8.ml 16.m 40.2623
%J

6&6Sll
a 82.3 17.7m2

2a W1
4L1239 w 0912

~“ a 00S16 &8274” lx12
a M74

UW4Z3

&362 u. 6722 420179
.CQ620 &22Q2 1244

63.4941 %7.m %7’04 .0W3 &6s!20
.03W

Mm & 874 19.6606 m ma
1191~ .fm625

2600 &&as 20.4W “2$%
X, 6721 .Wlo

67.2240
Llsll 1142

!J%6X!8 2491 .om32
.Ooxm

4.7193 1W7 .Oowa

m 3.914 z 32s4 u 6931 ‘2893
22.m?

67.67X2 245094
46.6764
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:Em Ialxs
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4a 4695
.00IM

6&2261
2%% ;g

2.z36m m“ .00102
.00419
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e48
al. 3632 -, m

.Wa20
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19.Km :%
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9.w :%
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Wxl 9.049
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1763‘
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-. Cm.5z3
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L alm 7?35
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71,2252
4000
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32.9064 . 71.4650 15Mm is . -. fm312 .Ws m :%
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4mo
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a w-m
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TABLE X.IJII-THERMODYNAMIC PROPEIMXES OF O (GAS)

Mtodo wetgllt,16.CH3001 ,
-

s+

(a

———
. .. .. .

---(ii&r) (i=) —-
.- ---,—

=..—.—
?&6
300
4CQ
5CHI

0
L60i4
L61i0
2 IZ4cl
26454

59.a-41
61.2115
6L2Ul
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6Z!244K

--------
:&@
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6.0W2

... -------
2s.46s8
2&Fmo
29.SW6
41.12c$

—

2. 16U
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&65a7
!L16as
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45.Wb5
46.6%s
45.WI
46.2076
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..

. .
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a 1616
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“—

.. ___
.—

m

m
2.ml
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-
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!mo
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6.W
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14 m
146m5
16.12s7
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74 !MZ6
74 782a

4a2Hia
49.6@13
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..—.- -.
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6.Olm
ho246
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..__.
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~.
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w
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79.ml
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6.no2 ----

.===--
.-
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5100
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. ._
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TABLE XLIV—THERMODYNAh?IC PROPERTIES OF 02 (GAS)

[Molecular weight, 2!AW1301

Wi-.g(++.d)
I

H$-Ii~ ! H$

-1-

(s) (%)

o 20262
2.oi4i 4.llw
20516 .LW18
27977 La33u
3.62M &m

I+a-%iw’) *,K

b(A)
..........

7.021

:%
7.431

AFP——
RT

&,

~ 16
am
4m
m

-
6M

i%

1%11

llcm
lam
1200
1400
154?I

1000
1700
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i%%

E

24m
2500

dc

....—. . ........-

......—-. 8a 61a2

.......... 3aas67

....... .. 62.6109

..-...—-. 46.6211

----------
49.011
:a&

L5!izaa

-------
-.-——.

. .......
-.. .....

............

.........._
-..... .._
.........._
.........._
.... ...-
...... .._

..-. —.
-------

1.........-%6.35s0
. . . . . . . . . w.64s9
..-—-.... 26. m64
. . . . . . . . . . 223616

o.cm5a 19.4403

........
--------
-......-
...—-.

2604

7.670

i%%
8.2s.2
8.236

3.439
3.621

;%
3.728

4.284

k
0.3234

5.0620 7.W32
6.8636
6.0737 2%%
i. 6012 0.6874

8.3400 10.a762
9.lFa3 lL 2246

10.0i43 12.aslo
10.‘W87 12.9449
11.77a$3 m a165

64.106
66.303
6&2m
67.227
5&10a3

99.Lie@
86.8610
m 24%
W9W7
Q3. a812

.... . ..

...—.

...—-

..—-
6026

. ..... ..._
0.01323

69.w
69.7304
ea.42zo
61.0622
61. 60%

a cam
.01a22
.Olml
.Olcw
. Oowl,

o. (us%
. w74a
.0x43
.OoMo
.W1

54.9654
60.4479
46.Om
42.2206
4a 40.23

6292
4047
M@.
4246

0.02417 17.0646
.owl law
.01873 :: 3~
.Olm
.01642 la 0i%3

23m
n7a
~

1744

&Klo

N%
a.wb
9.020 m 022ni

627640
03.2719
a. 7666
64.2172

37.a9G3
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E%%
m. M42

3717

2306
alaa
2976

a 01623 9.6769
.Oltal 3.0044
.o147a 7.74aa
.014!M
.OlaM t%

1637
1642
1468

;pb

k%
c!.194
9.248
9.821 m 64.6503

05.0820

Ii.!%%
06.m14

29.0736
27.7711
23.6Mnl

E=

o.o13fM &m
.01224
.Olz?a f%
,Oliml 4.0685
.Ollal 6.0167

1263
1107
I 140
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10M

aaw
:%%
.In230
.m296

2L ml rm.F48
226701 24.71n
23.6191 2h 656a
24.M70 !2ae4!s2
26.6197 27.6669

2%%
2L8922
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m. 4494

0.Ohm am3
.mm
.C#79 :$
.CWla 2.1477
.WJE31 1.8415

“ama
.W210
JJ#OJ.
.00103

0.mlel
.00129
.ma
.Oolwl
.oom

lW

K
ml
1722

a mm“-rL65KI
.03671
.m622 ?%
.msfo .?mo
.004m .671a

. am

m
34m
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9.6!33
0.640
9.632
9.72a
9.762

xi.4770 .3a5132
27.43s$ 20.47&l
B. 4040 5a4411
m.3762 8L 4114
30.a4M 223aM

Oa.2G30
a. 6002
6% 8m3
69. lml
69.4683

19.m
19.la40
la. ea91
M. oem
17.56.56

am
3703
a3m
a900

z

4400

9.79Q
9.836
9.249
9.961
9.$s2

789
719
700
632
663

amtn
:%!!
.mn’o
. Cm70-1-

aL 3276 32.8927
32W2
a2.2944 %=
34.2S29 30.8191
3h 2746 87.a107

2&2601 aa w62
27..mo5 29.2n27
38.2666 40.2027
ml .2am 41.3062
4a2i8a 428103

80.7429
7a 012%
7a 276a
70.6$22
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TABLE XLV—THERMODY?YAMIC PROPERTIES OF OH (GAS) ....

pIoLecuLor Wdght! 17.OMI

AEP
m(Z)(ii&K)

.---------
42.ea8

gg

(“z) log h“ ----
b d

I5 c .-
-.._

447266
46-82s
46.2491
47. M62
4a. 26M

d. 16
m
4m
MO

--------
--------
--------
--------
-----.—

---------- --------- .-.
69. 36ii
6s. 9110
m.4s6
39.8s22

----—-.
--------
..—----
..—----
--------—.
--------
—----.-
-.---.--
.--— —

22ZZ

--..........
--..........
------- -----
............
----..---—-

-.-—-—-
7.14L
i.L29
i. 0i4
7. lua

--—._---
----------
-—-------
.. ........

..-
—-.—..

. ,. ..:

--—-

a. mm
M. 605i

22m42
19-4s38
L& 9931

z 053
7.m
7.L50
i. 224
i. W

7.440
7.651
7. 66a

R

-—-—-
-----
—------
—--——

5034

—..........
............
---—----.—
---——----

CLOm5
--- —--—
0. O!B1*

i. 8440
:a&

Ii 12M
m. mm

IL 7014
12m32
18.3142
14 L235
149m5

47.84L9
4B.tMIL
4&!a448
87.4m6
86.0262

4676 ‘
4L94
&3
8599
am

o.02mo
0.02915
.6ziH
.mmi
-.m4i8

2029

li!a
1M3
Iwa

-
[w
~

LL’aI
1182

m
1032
989

9L2

moz457
.02L72
. 0LM9
.Om
.OL635

--

-e
.. .

a oL25a
.01196
.oloa7
.01020
.008m

lm
lim
lsm

m

7. 97s

“ :%
am
am

Mom
6!36360
57. 0!S5
57-47L4
%. SQ56

3ZMM
8L02L7
2LL?496
27.%5M
!M.6M9

ao2?40
-022Lo
.0m41
. OEM
.01731

.,
.—-.

(m&a&l

. mm

.U1650

.006m

2100

moo

!Mlo

8.m
&443
Ml&

8. 6L4

15 701a
16.mm
17.4432
18.3665
L9.1962

r&8027
m6m9
m 0i05
m. 4237
6!zi842

26.m4
241636
m. 1452
222106
2L 2495

m Sbaa
1fL8L62
19-Lma
l&49L6
17.Sw4

24L6

22L0

m

1962

Lm6
ma
llm

L6d5
1M5

L5L8
142-L

1432

12s9
1225

CLO161T
.014s2
;133

. OU85

..-

0.OLOW
.00m9
.00924
. Omz
. om13

2W63
%6065
22%9
201L3
L 7424

878
846
8&7

m

2M+I
2703

.Z!ml

& 668
&no
8.766
am
am

m.0591
2&927i
2L801O
2Z 6786
22.6624

04.7M.n

66. 62i6
67.4052
fx.zsio

m.L220
m.45m
61176%4
mom
6L8763

.._

ITA158
LOAL07
10.3174
L%M2i
I&4M2

o.OOT4L
.Mtw4
.M646
. ooi32L
. m6i9

L4920
Mm?
LM69
.Mi3
.MM

740
m
697
m
ma

O.ruMLs
.m2n?
.Omm
.0m27
.0mJ4

am
amz

2400

KG
& 918
& 0k9
a w32
Q.0L5

244462
pa&

27.1263
a 0262

69. I?za
7rLo62a
7am54
7L8m9
7276L8

6LM5S
6LL4S2
622220
624M6
627515

62%ME4
63.!E42
63.4966
&K7a86
M.9662

CA L91i
w 4L36
6’Lom6
648434
6K 05L8

msi-J

.m4e4

.M485

.CnM3

0.4445
.2834
-1014

~.

64L
624

5%
679

aoo286
.002i9
.002io
.00255
.Ooma

amo
3700.

3901

9.047
QOii
Q 107
9.L25
& 162

9.LS9

W

- %%

98.6549
746611
7s 4m8
7&3824
n. m ..-

824s82
34.402-4
36-22L2
852566
37.1643

m 2L4S
79. L3m
almis
80. ‘aa21
8L ‘J109

13.Z2i8
L29B
L26623
L28549
L2MQ7

1262

L2m
1179
IL64

km

:=

.Oma

IIO02S9
.002m
.0025a
.0Gz60
.00249

-o. 86L6
–. 4ss4
–. 6L90
—.7487
-.2630

4LLKI

4mo

4mil

-cLhz
–L0866
-L 19L6
-L2#22
–L33M

0.M174
-00178
.00172
.Ktlm
. mea

-,>-
4600
4700

49m

9. 3L4
9. m
9.862
9.m4
%406

3% 1146
a9. 047L
29. M2L
a 9194
4La5m

8284LI
mm
8Lim7
8L6460
8tt6sM

66.25!3
6h4m9
a% 6637
LTrism
6&0268

m.maa
2.6.4045

EE
3a93s2

IL 8268
IL 6927
IL3590
LLL358
mm

nz!a
110s

1032
104L

102L
1M2
w
w
949

. .

m 7L48
10.51543
10.3244
10.1401
9.!3522

o.0m3s
..002L.4
.0020a
.002m
.Imlw

–L AM
-L 67L6
-L66i8
-L 7408
-L 8M9

4B
449
MO
483
425

0:g;g

.Cnm2

.00L87

.00L4L

6Lm

am

5mo

0. 42i
Q.44a

:g

42W06
43.7442
4A 0902
46.oaaL
aawl

47. mm

:%

61.6005

87. 62i2
8s.4769
69. 4L68
KLM47
9L 3146

.___

G22m6
as.!2m2
94 ml
95.1327
w.0931

6T. 10W
67.2786
67. 444T
67. M34
67.7697

M2
916

E
--_-—

O:gml

.at179

.03m

–L SW
–L 9728
–20449
–2 LL46
-2 MM

4L8
w
404
297

..—--—

aooL2i
.mu24
.W123
.mw8

K629
9.649
9. aai
9.636
4Lm2 .-..+

.


